Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1728

Self-Consumption of Photovoltaic
Electricity in Residential Buildings
RASMUS LUTHANDER

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2018

ISSN 1651-6214
ISBN 978-91-513-0470-0
urn:nbn:se:uu:diva-362819

Dissertation presented at Uppsala University to be publicly examined in Häggsalen,
Ångströmlaboratoriet, Lägerhyddsvägen 1, Uppsala, Thursday, 29 November 2018 at 13:15
for the degree of Doctor of Philosophy. The examination will be conducted in English.
Faculty examiner: Dr. Bernhard Wille-Haussmann (Fraunhofer Institute for Solar Energy
Systems ISE).
Abstract
Luthander, R. 2018. Self-Consumption of Photovoltaic Electricity in Residential Buildings.
(Egenanvändning av solel i bostadshus). Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology 1728. 113 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-0470-0.
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and decreasing prices. One important market segment is building-applied PV systems, for which
the generated electricity can be self-consumed. Self-consumption is likely to become important
both for the profitability and to facilitate integration of high shares of PV in the power system.
The purpose of this doctoral thesis is to examine opportunities and challenges with distributed
PV in the power system on four system levels: detached houses, communities, distribution
systems and national level. This was done through literature studies and computer simulations.
Previous research has shown a larger potential to increase the PV self-consumption in detached
houses by using battery storage rather than shifting the household appliance loads. This thesis
shows that, on the community level, the self-consumption increased more when sharing one
large storage instead of individual storages in each house. On the distribution system level, PV
power curtailment was identified as an effective solution to reduce the risk of overvoltage due
to high PV penetration levels. However, the curtailment losses were high: up to 28% of the
electricity production had to be curtailed in the studied distribution grid with a PV penetration
of 100% of the yearly electricity consumption. However, the penetration of distributed PV on
a national level is not likely to reach these levels. Around 12% of the Swedish households
were estimated to have PV systems in 2040, although the uncertainties in the results were high,
mainly related to the development of the electricity prices. The low profits from both PV but
especially battery systems reduce future market shares. If residential batteries could also be
used for primary frequency control, the profitability and thus the market shares for PV and
battery systems could increase. The overall conclusions are that improved self-consumption
can increase the profitability of PV systems and lower the negative impacts on grids with high
PV penetration. Energy storage has a large potential to increase the self-consumption, but the
profitability is still low for a storage that is only used to increase the self-consumption.
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Here comes the sun
Song by George Harrison (1969)
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1. Introduction

The sun is shining. For free! So why not use it? In just one hour the sun
delivers more energy to Earth than humanity uses in one year [1]. Of course
not all the solar energy can be extracted, but there is still a huge potential for
harvesting renewable energy from the sun, directly or indirectly.
Photovoltaics (PV) – also known as solar cells – is a method to directly
convert solar irradiance into electric power. PV has rapidly grown from being a
negligible part of the world’s electricity generation to reach a share of the total
electric power production of 2.1% worldwide and 4% in Europe in 2017 [2].
National market shares in the end of 2017 reached more than 13% in Honduras
and 7% in Italy, Greece and Germany [2]. During the last decade the installed
PV capacity has risen from less than 10 GWp 1 in 2007 to more than 400 GWp
in the end of 2017 [2]. Sweden is however lagging far behind the leading
countries, the accumulated installed PV capacity in the end of 2017 was 223
MW, which covered approximately 0.2% of the yearly electricity demand [3].
There are however several challenges with PV. Firstly, in many markets PV
is still an expensive option for electricity generation compared to other energy
sources such as hydro, coal and nuclear if no dedicated subsidies are used or
the electricity is 100% self-consumed [4, 5]. Secondly, in power systems with
a large share of electricity generation coming from PV, there might be challenges with security of supply due to the variability of the power source [6].
The sun is not always shining when there is a demand of electricity. Also the
opposite problem can occur: in a power system with a large share of intermittent energy supply, there might be too high power production for the power
system to handle, and there is thus a limit of how much intermittent power that
can be integrated into a power system. This limit can be increased if solutions
such as energy storage or load shifting are implemented.
An important aspect of making PV become a large market player is the economics of the investment. Though varying between markets, various support
schemes have been needed to make PV cost-efﬁcient and compensate for the
gap between electricity production costs and the revenue from using or selling the PV electricity [5]. There is however one incentive that does not rely
on supporting schemes, namely self-consumption [7, 8]. If the power is consumed in a building at the same moment as it is produced by an on-site PV
system, it replaces the need for buying the same amount of power from the
1 The

Watt-peak (Wp ) represents the electric power output from a PV module at standard test
conditions: an irradiance of 1000 W/m2 with an air mass 1.5 (AM1.5) spectrum, a module
temperature of 25◦ C and zero wind speed.
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public power grid. This power is deﬁned as being self-consumed, and has in
most cases the same value as bought electricity. Households with PV systems
on their roofs where the loads such as washing machines, tumble driers and
heat pumps can be shifted towards times with high PV power production, or
batteries used for storing excess PV power production for later use, can increase their self-consumption [9]. With increased self-consumption, the proﬁt
will also increase on a market without subsidies. How the self-consumption
of residential PV power can be increased and consequences relating to this is
the main focus of this thesis.

1.1 Aim of the thesis and system boundaries
The appended papers cover several aspects of PV systems on buildings and
in the power system, ranging from the self-consumption and revenues from
a single PV system to the consequences and scenarios of PV and PV-battery
systems on a regional and national level. The overall purpose is to examine
a broad range of opportunities and challenges with PV and PV-battery systems in buildings, primarily from a system perspective. Normally, studies of
PV systems on detached houses are made with a focus on single buildings.
This can, for example, be techno-economic analyses of residential PV systems. From a system perspective, aggregated results from several buildings
are more important than the individual results for each and every building.
The purpose can be broken down into three more speciﬁc aims:
• Examine and deﬁne the research on self-consumption and self-sufﬁciency of PV electricity in buildings. This aim is addressed in Paper I and II.
• Examine solutions for increased PV self-consumption for individual buildings and communities of buildings. This aim is addressed in Paper III
and IV.
• Examine how distributed PV can be integrated on a large scale in distribution grids and in the whole (synchronous) power system. This aim is
addressed in Paper V – VIII.
Every system is deﬁned by its systems boundaries, for example a geographical area enclosing the system, connections between the system components,
information exchange, available resources and components, and aims. The papers included in this thesis can be divided into following groups based on the
geographical system boundaries:
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A
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D

Figure 1.1. System boundaries for the papers, on either household, community, distribution grid or national power system level.

A. Household level: Paper I – II
B. Community level: Paper III – IV
C. Regional level: Paper V – VI
D. National power system level: Paper VII – VIII
There are thus four different system levels. A schematic ﬁgure of the system
boundaries can be seen in Figure 1.1. Level B includes A, level C includes
both A and B, and level D includes the other all the other three.
In Paper I and II, previous research in the ﬁeld of PV self-consumption in
buildings, i.e., level A, was summarized and assessed. In Paper III and IV,
the approach was that the households were electrically connected and located
close to each other, although each household in Paper IV had to be simulated
individually due to technical constraints of the simulation software. In Paper V
and VI, all components were connected with a power distribution grid and
simulated simultaneously. In Paper VII and VIII, the results from simulations
on several households are scaled to a national level.

1.2 Overview of thesis and appended papers
This thesis is structured as follows. In Chapter 2 a general background of solar
power in the energy system and its status today is presented together with an
introduction to the main topics of this thesis. This is followed by a literature
review of self-consumption of PV electricity in buildings in Chapter 3. Chapter 4 contains a summary of the data and the methodology as well as brief
descriptions of how the appended papers relate to each other. A selection of
the results are presented in Chapter 5. The results and ﬁndings are discussed
and linked to the aims in Chapter 6. The conclusions of the thesis and appended papers are given in Chapter 7, followed by a summary in Swedish in
Chapter 8.
3

The results of this thesis are based on the appended papers, which are summarized below:
• Paper I presents a review of the research status on self-consumption of
PV electricity in residential buildings. There are two main methods for
increasing the self-consumption from residential PV, namely storage and
load shifting. The reviewed papers showed a larger increase of the PV
self-consumption when battery storage was used, compared to the increase when load shifting was used. The review highlights the need of
further research in the ﬁeld of photovoltaic self-consumption to be able
to generalize the results.
• Paper II extends Paper I by summarizing and analyzing more research
results. A new method for comparing energy performance (relative production, self-consumption and self-sufﬁciency) is developed, which makes it easier to compare ﬁndings from one PV system with other ones.
• Paper III describes a model of a community of households with roofmounted PV systems and battery storages. The model is used to assess
how the self-consumption varies depending on location of the storage
(community energy storage versus individual storages in the houses),
storage capacity and the maximum allowed power delivered to the grid.
• Paper IV examines how the operation of heat pumps in ﬁve houses
equipped with PV systems affects the generation and load smoothing in
the community. Two cases are examined: one where the heat pumps are
controlled by only the heat demand in each building, and one where each
heat pump is controlled both by the heat loads and the PV power production. In the latter case, the control schemes for the heat pumps maximize
the self-consumption of the PV electricity in each house, which affects
the load smoothing in the community.
• Paper V is a study of an electric power distribution grid in Sweden with a
high share of decentralized PV power. As the penetration of PV system
in the distribution grid increases, the maximum voltage is also increasing during sunny days. In the paper, a new method of limiting the power
to the grid to avoid too high voltage levels (overvoltage) is presented. To
limit the power fed into the grid, either energy storage, power curtailment or a combination of both are simulated. The model can be used to
get a overview of the need of limiting (curtailing) the PV power or the
size and location of the energy storage to avoid overvoltage problems.
• Paper VI extends Paper V. Both examine the same distribution grid and
both are estimating the need of curtailing the PV power, but here electric
4

vehicle charging is added to the electricity consumption in the buildings. Another PV power curtailment method is developed, which leads
to lower curtailment losses than the method used in Paper V. If the cars
are charged at the same time as PV electricity is generated, the need for
curtailing the PV power may decrease.
• Paper VII presents a market diffusion model for PV and battery systems
for single-family buildings. The diffusion model is used to make scenarios of the market shares of both technologies in Sweden and Germany
on a national level until 2040. A sensitivity analysis is also included to
asses the impact of different parameters on the market diffusion of PV
and battery systems.
• Paper VIII examines how residential PV-battery systems can be used for
primary frequency control (PFC) for stabilizing short-term frequency
ﬂuctuations in the Nordic synchronous power grid. Instead of storing
surplus PV electricity for later use (i.e., increasing the self-consumption),
a charging-discharging strategy that prioritized PFC before self-consumption is implemented. This is used to make scenarios for the potential
of PFC from residential PV-battery systems in Sweden.

1.3 Deﬁnition of terms
For this thesis the following frequently occurring measures and terms have to
be deﬁned:
• Power production and power consumption: Rate at which electric energy
is produced or consumed. Mostly measured in W (watt), kW (kilowatt)
or MW (megawatt).
• Electricity production and electricity consumption: Aggregated power
production or power consumption. Mostly measured in kWh (kilowatt
hours), MWh (megawatt hours) or GWh (gigawatt hours). In some
cases, ‘generation’ is used instead of ‘production’, but the meaning is
the same.
• Self-consumption: Total PV electricity production that is consumed in
the house, either instantaneously or over a period of time, mostly one
year. Mostly measured in kWh or percent of the total electricity production during the period.

5

• Self-sufﬁciency: Total self-consumed PV electricity production compared to the total load over a period of time, mostly one year. Measured
in percent of the total electricity consumption during the period.
• Feed-in: Power ﬂow from the house to the grid in case of excess PV
power production. The excess power can be sold. Mostly measured in
W or kW (power production), or kWh (electricity production).
• Feed-out: Power ﬂow from the grid to the house in case of excess household power consumption. The extra power has to be bought. Mostly
measured in W or kW (power consumption), or kWh (electricity consumption).

6

2. Background

The background of the thesis is presented in this chapter. In Section 2.1, a
general background of the energy system and market situation for PV power
are presented. The PV system and self-consumption are described in Section
2.2. The environmental aspects of PV and batteries are brieﬂy described in
Section 2.3. The chapter ends with a summary of advantages and challenges
of PV in the electric power system in Section 2.4.

2.1 The energy system: past, present and future
Most processes at earth and in life need energy, whether it is chemical energy
such as food or fuels, nuclear energy, photon energy, electric energy, kinetic
energy or thermal (heat) energy. This thesis will only focus on the electric
part, and more speciﬁcally electricity from photovoltaic (PV) power. The electric power system is transforming from a system with large centralized power
plants to a future with so-called distributed generation such as solar and wind
power. In addition to this, an electriﬁcation of the society with for example
digitalization and electric vehicles will put new challenges to the system.

2.1.1 Perspectives on the energy system
Most energy used today derives from the sun. The main part, approximately
85% of the world’s primary energy use in 2017, was covered by fossil fuels
[10]. Coal, oil and natural gas come from vegetation several million years ago,
which in turn got its energy from the sun using photosynthesis. Hydro, wave
and wind power are all originating from the sun: water vapor for the rain to ﬁll
up reservoirs for hydro power and kinetic energy in wind and waves are due
to the heating of the earth and atmosphere. Although coal, oil and natural gas
originates from the sun, they are categorized as nonrenewable energy sources
due to the long formation process [11]. The only energy sources not originating from the sun are geothermal, tidal and nuclear energy. The two ﬁrst
have a negligible contribution to the electricity production in the world today,
whereas nuclear energy only accounted for less than 5% of the primary energy
use in 2017 [10]. For electricity production, the deﬁnition of primary energy
include thermal losses in the conversion from fuel to electricity. For nuclear
and renewable power generation, the primary energy was derived in the report
7
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Figure 2.1. The total primary energy use in the world in PWh divided by region 19702017. Adapted from [10]. 1 PWh = 1000,000,000,000 kWh.

by calculating the equivalent amount of fossil fuels required to generate the
same amount of electricity [10].
The global demand of energy in the world is increasing, especially in Asia
Paciﬁc, see Figure 2.1 [10]. To meet the increasing demand new energy resources have to be used. However, the exploitation of fossil fuels cannot last
forever: the resources are limited and and the climate suffers from global
warming, much due to the combustion of fossil fuels [12, 13]. In December
2015, 195 countries agreed on a maximum global temperature rise of 2◦ Celsius compared to pre-industrial levels, and to even try to keep the temperature
rise below 1.5◦ C [14]. However, already in 2015 the global mean temperature was 1◦ C above pre-industrial levels [15]. Limiting the global warming
to 1.5◦ C is not geophysically impossible [16] but still very unlikely – just 1%
chance to stay below 1.5◦ C and 5% chance to stay below 2◦ C of global temperature increase [17]. Hence, a future development where the global temperature
increase does not exceed 2◦ C would need a rapid transition to a low-emission
society. A key part of (not) reaching the goal is the energy system. Turning the
energy system towards a sustainable future is a complex process, which typically requires three main technological changes: more efﬁcient energy supply,
energy savings on the consumer side and replacement of fossil fuels [18, 19].
Improved energy efﬁciency in, for example, buildings and industries can
decrease or decelerate the future demand for energy, but is not enough alone
for achieving a decarbonization of the supply of electricity and fuels [20]. This
means that renewable energy most probably will play a key role in the transformation of the energy system. One main challenge is how to store renewable
energy; biomass and hydro power are often possible to store for usage when
the energy demand is high, but wind, wave and solar power are more challenging. Storage of PV power is one of the main themes of this thesis.
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Figure 2.2. The installed grid-connected PV capacity in GW (left) and share of the
global market for new PV installations 2000-2017 divided by region (right). Adapted
from [2, 5, 21].

2.1.2 Solar energy in the world
The installed capacity of PV power has increased rapidly in the recent years,
as can be seen in Figure 2.2. Europe has dominated the market during several
years in the beginning of the 21st century, much due to subsidies for renewable
energy resources [21]. The market for PV installations is however now mainly
driven by Asian countries plus USA (see Figure 2.2), with China, USA and
India as top three countries in 2017 [2].
It is important to distinguish between solar power for electricity production,
and low-temperature solar thermal (heat) production. Since this thesis only
considers electricity and not heating, solar thermal is excluded. There are
mainly two techniques to generate electricity from solar irradiance, namely
PV and concentrated solar power (CSP), and also a mixture of both of them.
In CSP plants, mirrors are used to concentrate the sunlight in order to heat
an energy carrier, sometimes to very high temperatures of more than 500◦ C,
which thereafter can be used to generate electricity [22]. This requires direct
sunlight, i.e., beam irradiance, in order to focus it properly and therefore the
present and future potential for CSP is largest in desert sites [23].
An important advantage of PV power is the scalability; a small PV system
for a single-family house can have similar cost per installed watt as a much
larger PV system in the same region. This is due to the module-based system;
it is increased by adding more panels to it, and each panel has roughly the
same price for a rooftop system as for a large commercial system. There is
still economy of scale for PV electricity from large solar power plants, since
other components and installation costs are cheaper relative to the size of the
system for large installations than for smaller ones. However, the desired rate
of return of a large commercial PV system might be higher and the requested
payback time shorter than for residential PV systems owned by individuals,
making smaller residential PV systems competitive on the electricity market.
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2.1.3 Solar energy in Sweden
Sweden is lagging behind several countries when it comes to solar power,
with a total production of roughly 0.2% of the electricity demand in 2017 [3].
Historically, many of the PV systems in Sweden have been off-grid on for example cottages, caravans and boats. The last 10 years this has shifted towards
more grid-connected PV systems, which accounted for approximately 98% of
the installed power in 2017 [3]. The Swedish market for grid-connected PV
systems today is dominated by roof-mounted systems, either residential (on
households) or commercial [3]. The market for commercial systems is larger
than the residential one when it comes to installed capacity. Commercial PV
systems are however often larger than residential systems and it is therefore
likely that the number of residential PV systems in Sweden is larger than the
number of commercial ones.

2.2 The PV system and self-consumption
Photovoltaic (solar) cells use the energy in the incoming photons from the sun
to excite electrons to higher energy states [24, p. 1]. Normally when light
is absorbed by a matter, the excited electrons are returning quickly from the
higher energy states to the initial states without contributing to any useful energy output. In PV cells, however, a built-in asymmetry prevents the electrons
from returning to their initial energy state, and a potential difference, i.e., voltage, between the two sides of the solar cells is generated [24, p. 2]. Each cell
has a voltage of 0.5-1 V when illuminated. By connecting several PV cells in
series, a system with a higher DC voltage can be obtained.
An important aspect for PV cells is the band gap. The band gap deﬁnes the
energy required for an incoming photon to be able to excite an electron in the
material [24, p. 41]. Conducting materials like metals have no band gap, a
semiconductor has moderate band gap and an insulator the highest band gap.
PV cells are semiconductors, and the moderate band gap is both low enough to
be able to absorb photons and excite electrons, and high enough to generate a
potential difference. The band gap sets a lower limit of energy of the absorbed
photons, but at the same time determines the potential difference, i.e. the
usable output power per electron.
The performance of a solar cell/module can be described by the currentvoltage and voltage-power characteristics, as shown in Figure 2.3. By constantly adjusting the DC voltage from the solar modules using a Maximum
Power Point Tracker (MPPT), the highest power output for every weather
condition can be found. This is found at the maximum power voltage Vmp
and current Imp . At either the highest possible current – the short-circuit current Isc – or highest possible voltage – the open-circuit voltage Voc – the power
output from the PV cell is zero. The short-circuit current is approximately
proportional to the intensity of the light whereas the open-circuit voltage only
10

Figure 2.3. The current-voltage (black) and voltage-power (gray) characteristics of
an ideal solar cell. PV systems usually use maximum power point trackers to ﬁnd
the maximum power output Pmp , equal to the striped area. Both the voltage Vmp
and current Imp varies depending on spectrum and intensity of the irradiance. The
short-circuit current Isc and open-circuit voltage Voc are determined by the cell. When
operating a PV cell in either Isc or Voc , the power output will be zero [24, p. 12].

increases logarithmically with higher intensity [24, p. 8-10]. In residential
or larger PV systems the MPPT is often built into the inverter, which is converting the DC power output from the solar cells into AC power. Due to the
possibility to adjust the DC voltage in the MPPT, the power output from a PV
system can be decreased if needed.
If the sun is shining at the same time as the power consumption is low, the
resulting feed-in power to the grid is high. If several houses in an area are
equipped with PV systems this could lead to problems in the power distribution system and for the customers connected to it. One solution for this is to
set an upper limit of power that is allowed to be fed into the grid. If the excess
power production cannot be self-consumed by using storage or load shifting
of electrical appliances, one alternative is to lower the feed-in power. This is
referred to as curtailment of the PV power. The power output from the inverters can either be coordinated between several units or be performed based
on local conditions. The former requires communication between the devices,
whereas the latter only depends on individual measurements. PV power production curtailment is one of the main themes of this thesis, and will be more
thoroughly described in Section 4.4.
Wasting energy through curtailment of power production is not the optimal
solution. If this could be avoided by for example time-shifting electric loads
or using energy storages, the electricity produced from renewables could re11

place electricity from fossil fuels or nuclear power. Curtailment of the power
production will also lower the proﬁtability of the system since less electricity can be sold – if it is possible to sell surplus electricity. However, power
curtailment can still be justiﬁed. PV cells often produce less than their rated
output, and high PV power production do not always coincide with low power
consumption. If high power consumption coincides with high PV power production, the power exported to or imported from the grid will be low. The need
of power curtailment might therefore be low, which reduces the curtailed electricity. Hence, it might be less costly with power curtailment than an energy
storage or equipment for time-shifting electric loads.
If either PV power curtailment or an energy storage is needed to for example
stay below a certain power limit, the ‘proﬁt’ of the power curtailment is the
opportunity cost of not investing in sufﬁcient storage or grid reinforcement
minus the value of the curtailed electricity if the PV system capacity is higher
than the maximum allowed power to the grid.
Figure 2.4 shows three identical days when it comes to power production and consumption. In the second day, storage is used to raise the selfconsumption, but the storage capacity is not large enough to reduce the feedin power. In day three, power curtailment is used in combination with storage
to both improve the self-consumption and lower the maximum feed-in power,
but the curtailment losses remain low.

2.2.1 Introduction to PV self-consumption
With a rooftop mounted PV system, it is often of interest to quantify the matching between the production and consumption. Several different load matching

Figure 2.4. Three identical days showing household power consumption, PV power
production and resulting power grid interaction (feed-in and -out). Day two has a
battery storage to increase the self-consumption and day three both battery and power
curtailment to limit the feed-in power. From Paper III.
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metrics can be used to evaluate the performance of a residential PV system.
These can be categorized into four groups based on type of data and type of
metric [9, 25]. In this thesis, the focus will be on metrics that are based on
on-site generation and load proﬁles, namely the self-consumption and selfsufﬁciency, see Section 1.3. The self-consumption measures how much of the
PV electricity production can be used in the house, and indirectly how much
electricity is sold to an electricity retailer. The self-sufﬁciency measures how
large share of the household load can be supplied by the PV system and thus
the independence from the power grid. A schematic ﬁgure of a sunny day
illustrating PV power generation and the load is presented in Figure 2.5.
The self-consumption ϕsc of the PV electricity production during the example day in Figure 2.5 can be expressed as ϕsc = C/(B + C) and the selfsufﬁciency as ϕss = C/(A +C).
To deﬁne the measures more formally the instantaneous on-site PV power
production can be denoted P(t) and the instantaneous household power consumption L(t). The instantaneous self-consumed power M(t) in watt cannot
be higher than the lowest value of either the power production or the power
consumption:
M(t) = min(P(t), L(t)).

(2.1)

When an energy storage is added, Equation 2.1 is extended to
M(t) = min(P(t) + S(t), L(t))

(2.2)

Figure 2.5. Example of self-consumption during a day illustrating the difference between energy storage and load shifting. Area A represents the excess electricity consumption, area B the excess PV electricity production and Area C the self-consumed
PV electricity production. Adapted from Paper I.
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where S(t) is the power to or from the storage. When M(t) is deﬁned like
this, S(t)< 0 holds during charging and S(t)> 0 holds during discharging of
the storage. The self-consumption ϕsc and self-sufﬁciency ϕss between time t1
and time t2 are thereafter calculated as
 t2
t

M(t)dt

t1

P(t)dt

ϕsc =  1t2

(2.3)

and
 t2
t

M(t)dt

t1

L(t)dt

ϕss = 1t2

.

(2.4)

From this it is possible to calculate the relationship between the PV electricity
production, the electricity consumption, the self-consumption and the selfsufﬁciency as


t2
ϕsc
t L(t)dt
=  t12
.
ϕss
t2 P(t)dt

(2.5)

With this relationship, it is possible to calculate either of the four quantities if
only three are known. This was for used in Paper I and II to calculate either
the self-consumption or the self-sufﬁciency in the cited publications.
In general, the self-consumption and thus also the revenue for PV systems
without batteries are overestimated when using hourly resolution of PV electricity production and household load proﬁles. This is due to the sub-hourly
variability that is evened out in the hourly values. Especially the load proﬁles
are sensitive to the temporal resolution since the variability in the household
load is often larger than the variability in the PV power production [26, 27].

2.2.2 Energy storage in buildings
If surplus PV power could be stored for later use in the evening, night and
morning both the self-consumption and self-sufﬁciency can be increased. Battery storage is the most investigated alternative for storing electricity in buildings according to the review studies (Paper I and II). There are however several other techniques available today, all with different applications and performance such as cost, storage and power capacity, storage period, efﬁciency,
lifespan and maturity of the technology [28]. For PV-storage systems in buildings, the most suitable options are either thermal storage or chemical storage
in batteries or hydrogen using electrolyzers and fuel cells, depending on ﬁeld
of application and storage period [9, 28, 29]. Batteries have in general a much
higher conversion efﬁciency than hydrogen storage but also a relatively high
self-discharge over a longer period of time [9, 30]. Batteries are therefore best
for short-term storage, such as storing excess electricity production from the
14

Figure 2.6. Ragone plot for lithium-ion and lead-acid batteries showing the relationship between power and energy. Adapted from [32]. Power and energy storage capacity of a battery cannot be varied fully independently, but batteries can be manufactured for either high-power or high-energy applications. The diagram also shows
that lithium-ion batteries (darker stripe) have both higher speciﬁc energy and speciﬁc
power than lead-acid batteries (brighter stripe).

middle of the day for later use in the evening, night and morning, whereas
hydrogen storage is more suitable for monthly or seasonal storage due to its
low self-discharge [31].
Thermal storages for residential applications can be in hot water tanks, in
the thermal inertia of buildings or in phase-changing materials in the walls
[28]. Chemical storage has the advantage of ‘storing’ electrical energy, whereas thermal storage aimed for residential applications transform electric energy
into heat energy but not back to electricity again due to the moderate temperature. A residential thermal storage may however have a higher efﬁciency than
a battery storage, especially if a heat pump or air-conditioner is used to convert
electric energy from the PV system into heat energy.
For energy storage technologies with bound energy, such as for most types
of batteries except redox-ﬂow batteries, the maximum power and stored energy cannot be varied independently [30]. The relationship between power
and energy in storage technologies are often presented in a Ragone plot, see
Figure 2.6 [32, 33]. As seen, there is a trade-off between available power and
stored energy when choosing battery speciﬁcations. However, this is more of
an issue for applications with limited space or weight restrictions, such as in
the automotive industry. For stationary applications volume and weight are
generally less important.
One can also see in Figure 2.6 that the power and energy density speciﬁcations for lithium-ion and lead-acid batteries differ in favor of the lithium
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technology. This is, once again, very important for certain applications where
weight is a critical factor, but for stationary applications such as in a residential
PV-battery system the cost is often the most important aspect. The round trip
efﬁciency and the cycle and calendar life are better for lithium-ion batteries
(over 90%) than for lead-acid batteries (ca 85%), resulting in lower conversion
(heat) losses and longer endurance for lithium-ion than for lead-acid batteries
[34, 35]. There are however deep-cycle lead-acid batteries with longer cycle
and calendar life than the ‘standard’ car batteries. Furthermore, lead-acid is a
well-known, mature, widespread and relatively cheap battery technology.

2.3 Environmental aspects of PV and self-consumption
One important aspect of PV power are the environmental impacts. This is of
main interest when it comes to ‘sustainable’ technologies and will be brieﬂy
summarized in this section.
Not only CO2 and other greenhouse gas (GHG) emissions are important,
but also possible on-site pollution from the mining and manufacturing of the
system components.
A PV system has no direct emissions during operation. Instead, all pollution
and emission originate from the manufacturing, transport, installation and dismantling of the PV system components. The largest part of the emissions is
associated with the manufacturing [36]. Therefore, the electricity mix in the
region of manufacturing is often used for calculating the GHG emissions in a
life cycle assessment (LCA) of PV systems.
In a recent review made by the Solar Energy Association of Sweden (Svensk
Solenergi), the GHG (mainly CO2 ) emissions for PV electricity in Sweden
were estimated to 20 g CO2 per kWh [37]. This can be compared to the emissions of the Nordic electricity mix, which were estimated to 60 to 125 g CO2
per kWh [37]. Moreover, it was noted that PV systems can be placed in direct connection to the customer, which can contribute to lower losses in the
electricity transmission and distribution systems.
Environmental aspects of energy storage have been summarized and assessed in for example [38, 39]. Estimations using an LCA approach have
shown that nearly 400 kWh are needed to manufacture 1 kWh of litium-ion
battery [38]. The emissions from burning coal is approximately 1 kg CO2 per
kWh of electricity [38, 40], which gives a rough estimation of 400 kg CO2 per
kWh of battery if it is assumed that all the electricity comes from coal power.
Furthermore, the battery life cycle might cause pollution of toxic compounds during extraction of raw materials, manufacturing and disposal/recycling [41, 42].
Lead is a toxic compound; however, 99% of the lead-acid batteries in the
USA and Europe are recycled and the recycling industry for lead-acid batteries operates economically independently without charges to the users [35, 43].
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This limits the negative environmental impact of using lead-acid batteries. Today are to date no economic beneﬁts of recycling lithium-ion batteries for stationary storage or electric vehicle applications, which might lead to a disposal
cost of lithium-ion batteries at end of life [35]. Without strict regulations, there
is a risk that lithium ion batteries end up in landﬁll [35].
With thermal storage in a hot water storage tank, no or low demand of new
equipment arises, and therefore the negative environmental impact is low as
highlighted in [39]. This means that thermal storages are an attractive storage
solution from an environmental point of view.
Increased self-consumption of PV electricity in Swedish buildings by using battery storage can therefore be questioned from an environmental point
of view. However, positive environmental consequences of increased selfconsumption can be a lower need of grid reinforcements in regions with a
high PV penetration and less variability in the PV electricity production, leading to lower need of other sources of backup power. Last but not least, there
are three important advantages of energy storage for PV systems in the world:
Firstly, if battery systems can be used to increase the proﬁts of PV systems,
it can further increase the installations of renewable power. This is important
since there is a global limited potential for other conventional renewable electricity sources such as hydro power or biomass [39]. Secondly, in a system
with large share of PV power, curtailment of PV power can be avoided and the
PV systems can therefore be used more efﬁciently, replacing needs of other
electricity sources [39]. Thirdly, energy storage can be used for other services
that are needed in the power grid, for example load balancing, voltage support
and regulation services. This might become more important when the energy
systems consists of more renewable intermittent energy sources [44].

2.4 PV in the power system
The power system consists of four major parts: Generation, transmission, distribution and loads [45]. In this thesis, ‘generation’ represents the PV systems,
‘transmission’ represents power transfer through the national and international
interconnected high-voltage grids, ‘distribution’ is the part that supplies the
majority of the customers (also called ‘end-users’) with electric power, and
‘loads’ are all households, ofﬁces, industries and facilities that consume electric power.
The electric power system is one of the most complex human-made systems
in the world. Everything between large production facilities such as nuclear
and coal power plants, via long-distance and local electric networks, and all
the way to the end users and their appliances, are working together. And we as
customers and end-users expect the system to function all the time. In Sweden,
there were on average 1.2 power outages per customer with a mean duration
of 76 minutes in 2016 [46]. It was however not equally distributed – about
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50% of the Swedish customers had no power outage and 0.5% had more than
12 outages in 2016 [46]. There are also detailed rules in Sweden for when and
how much a customer can get compensated from the network operator in case
of a power blackout [47, ch. 9].
The power grid consists of three main parts, a high-voltage national or international transmission grid, regional medium-voltage distributions grids and
ﬁnally local low-voltage distributions grids that most customers are connected
to. Distribution grids have traditionally been built and operated as networks
with unidirectional power ﬂow, i.e., from high- to low-voltage grids and ﬁnally
to the end-users (consumers) [48]. When consumers change into prosumers,
i.e. households that are both producer and consumer of electric energy [49],
new challenges arise for the distribution grid in terms of stability, reliability
and monitoring.
During periods when surplus PV power generation is fed into the grid there
will be a reverse power ﬂow in the distribution grid, leading to a higher voltage
at the end of the feeders [48, 50, 51]. Radial grids, which are arranged as trees
where each customer has one source of supply, are more affected by this than
network (meshed) systems, where there are more interconnections between
the grid nodes [48]. For example parts of Australia have had problems with
overvoltage in the distribution grid due to high PV power production [52].
Sweden has not (yet) come to this point, but it could happen locally in the
future. Today, micro-producers who want to connect PV systems to the grid
have the right by law to do so, and the distribution system owner is not allowed
to deny connection of a PV system to the power grid if no particular reasons
exists [47, ch. 3]. Therefore, if several neighbors living on the countryside
choose to install PV systems, it could result in local overvoltage problems.
The traditional solution to high (or low) voltages in distribution grids is reinforcement of components in the grid [50, 53]. However, grid reinforcement
can be expensive, and several alternative solutions – many of which can be
placed directly in connection to the prosumer – have been proposed and investigated, including battery energy storage [54–58], curtailment of PV power
[57, 59, 60], and reactive power injection or absorption by the PV inverters
[61, 62].
To evaluate the impact on the power grid from a large scale introduction of
distributed generation, the hosting capacity approach can be used [63]. The
hosting capacity deﬁnes the maximum amount of new power production or
power consumption that can be added to the power system without threatening
the reliability of the power system and the power quality for its customers
[64, 65]. The relationship between power grid performance and new power
production is illustrated in Figure 2.7. The performance of a power grid may
initially improve when connecting new power generation to it, mostly if power
production occurs close to the consumers, but higher penetration levels will
gradually decrease the performance until it reaches a limit, which determines
the hosting capacity [64]. The hosting capacity is of relevance in Paper V and
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Figure 2.7. Impact on the power grid with increasing penetration level of distributed
generation. The impact can be positive with a low penetration, for example the enduser voltage levels.

VI, where the overvoltage limit affects how much PV power that can be fed in
to the power grid.
There are several other power quality measures besides voltage magnitudes
that can be used as performance index when determining the hosting capacity.
For example frequency stability, current harmonics, unbalance between phases
and direct-current (DC) injection can also be included in the power quality
measure [66]. Mismatch between power production and power consumption
over a large area, for example due to high generation from renewable power
sources, might lead to problems with the frequency stability [50, 66]. To avoid
too high frequency caused by high PV power production, inverters have an
upper cut-off limit which is deﬁned by national grid codes [50, 66].
In a synchronous power grid, which often ranges over several countries, the
power production must always meet the demand at all times. If mismatches
occur, the frequency will deviate from the reference value, which is 50 Hz in
Europe. More power production than consumption will increase the frequency
and more power consumption than production will decrease the frequency. To
lower the the frequency ﬂuctuations, three types of balancing power are used:
primary, secondary and tertiary control, which have different requirements of
maximum reaction time and minimum operating time [67]. Primary frequency
control has the shortest reaction time, from a few seconds to minutes, and
handles rapid frequency ﬂuctuations. Secondary and tertiary reserves operates
on longer time scales to restore the frequency and the primary control reserves.
Today, the Nordic market for frequency regulation is dominated by hydro
power. To lower the costs of the bid, there are rules on how to calculate the
bid price based on losses in the hydro power station when it is running on reduced capacity [68]. The lowest bid size is 0.1 MW per hour. This means that
residential battery storages are too small to qualify as actors on the frequency
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regulation market. However, the Swedish TSO Svenska kraftnät has recently
made a study together with the energy company Fortum about primary frequency regulation using heat pumps in detached houses (with power ratings
of a few kW each) [69]. This shows that there is an interest to letting more
actors and also consumption ﬂexibility to enter the frequency regulation market. With an ‘aggregator’ operating several battery systems as a virtual power
plant, the lowest bid size can be reached.
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3. Literature review on PV self-consumption
and self-sufﬁciency

This chapter covers previous research in the ﬁeld of self-consumption of PV
electricity in buildings, primarily in detached single-family houses. The content of the chapter is mainly based on the literature review and analyses in
Paper I and II. The deﬁnition of the self-consumption and self-sufﬁciency can
be found in Section 2.2.1.
With an intermittent decentralized power source such as PV power, selfconsumption and self-sufﬁciency are important measures both from an energy
perspective and from a ﬁnancial perspective. They can for example be used
for a ﬁrst assessment of the sizing of a PV system. From a ﬁnancial perspective, the self-consumption and self-sufﬁciency both indicate the revenues from
savings due to lower need of buying electricity from a retailer [70].

3.1 Research on self-consumption and self-sufﬁciency
The review article (Paper I) was written in 2014 and by that time the number of
scientiﬁc articles about self-consumption and self-sufﬁciency was limited and
the research ﬁeld was rather new. Since then, the number of scientiﬁc journal
articles covering especially self-consumption of PV electricity in residential
buildings has increased steadily. An indication of this can been seen in Figure 3.1, which shows the number of peer-reviewed research articles indexed
by the scientiﬁc database Scopus [71] with ‘PV’ and ‘self-consumption’ (or
‘self-sufﬁciency’) in either the title, as keywords or in the abstract. The alternative terms for self-consumption and self-sufﬁciency (see the last paragraph
in this section) were also included in the search. In addition to these journal
articles, there are several articles – both peer-reviewed and non peer-reviewed
– published in conference proceedings also examining self-consumption and
self-sufﬁciency. They are however not included in the ﬁgure since most of
them are not indexed by Scopus.
The still relatively few research articles in the ﬁeld of self-consumption and
self-sufﬁciency of residential PV electricity could partly be explained by the
national subsidy programs for PV electricity. These made it more proﬁtable
to sell all the generated electricity than to self-consume it. Therefore, selfconsumption was for a long time not an attractive option.
A second aspect limiting the research on self-consumption is likely to be
the lack of access to high-resolution electricity consumption data, often up to
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Figure 3.1. Number of journal articles per year (bars) and accumulated number (lines)
indexed in the database Scopus containing ‘PV’ and ‘self-consumption’ (red bars and
line with squares) either in the title, as keywords or in the abstract. The numbers of
articles when searching on ‘PV’ and ‘self-sufﬁciency’ are shown in black bars and
line with diamonds. Articles published 2009 to 2018 (status 02-10-2018). Conference
articles are not included.

one year of measurements. Even with hourly electricity consumption data,
the overestimation of the self-consumption can be large [27]. In a study of
25 households in Germany, the relative errors of the self-consumption were
found to be up to 20% when using one hour compared to ten second resolution
measurement data [26]. 15 minute data was found to give sufﬁcient accuracy,
with relative errors of up to 5%. The impact of the temporal resolution of the
PV generation data was lower with overestimations of up to 3%. Also in [27]
and [72], the accuracy of consumption data was found to be more affected
than the production data by the temporal resolution. This shows the need for
measurements or simulations with high time-resolution to accurately model
the self-consumption.
The inﬂuence of temporal resolution becomes less distinct when adding a
battery storage [26]. With batteries, the sub-hourly ﬂuctuations in PV electricity production and electricity consumption can often be evened out. This
means that both the increase in self-consumption and economic value of a storage might be underestimated when the analyses are based on time series with
a low time-resolution.
A third aspect indicating that the research on self-consumption is rather new
is the lack of a common terminology. Self-consumption and self-sufﬁciency
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were both used in a few ‘early’ papers, for example [73–75]. The same measure with the same deﬁnition as self-consumption has been referred to as load
fraction [76], on-site energy matching [77] and supply cover factor [78]. Especially self-sufﬁciency has been referred to by several different terms, such
as cover ratio [49], solar fraction [76, 79, 80], on-site energy fraction [77], demand cover factor [78] and cover factor index [81]. In Paper I, which was written in 2014, self-consumption and self-sufﬁciency were chosen because they
clearly express what the metrics show and there is a clear linguistic symmetry
of the metrics. The use of the terms ‘self-consumption’ and ‘self-sufﬁciency’
has since then become more common.

3.2 Improving the self-consumption and self-sufﬁciency
Battery storage systems are the most common option in the literature for increasing the self-consumption and self-sufﬁciency. As seen in Figure 3.2, most
of the journal and conference articles included in Paper I and II focused on a
battery storage with a capacity in kWh of 0.5–2 times the PV electricity production. This in turn resulted in an increase in self-consumption between 11
and 41 percentage points. A trend can be distinguished where large batteries
give higher increment of the self-consumption, although the variance is large.
It is important to note that the original self-consumption may strongly affect
the increment, since it is often easier to raise the self-consumption from 30%
to 40% than from 60% to 70%.
Another option to increase the self-consumption and self-sufﬁciency is Demand Side Management (DSM) which is a broad concept describing how the
energy system at the consumer side can be improved [82]. DSM mostly refers
to the active shifting of household loads to increase matching with the power
production or improve the interaction with remaining power consumption to
reduce peak loads [80].
The results from the research papers on DSM diverged strongly in increments of the self-consumption, which can be seen to the right in Figure 3.2.
The highest increase (18 percentage points) was obtained in an Italian study
with 150 synthetic household load proﬁles [83]. The values of the consumption, production, self-consumption and self-sufﬁciency represented an average
for the 150 households. The increase of 18 percentage points was achieved
with optimal daily load scheduling of 40% of the loads in the houses together
with a weather forecast [83]. It was however not evaluated if time-shifting
40% of the loads within each day was a reasonable share or not. In the other
end of the spectrum, an increase of merely 1.4% was obtained in a Swiss study
of a household with a controllable air-to-water heat pump [84]. A hot water
storage tank and the thermal inertia of the building acted as energy buffer.
The low increase was mainly due to the seasonal mismatch between heating
demand (low in the summer and high in the winter) and PV electricity pro23
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Figure 3.2. Increase of the self-consumption for residential PV systems with battery
storage (left) and DSM (right) in percentage points (pp). Based on research articles
summarized in Paper II. Each bubble represents one household with a PV-battery system in the articles. The areas of the bubbles are proportional to the yearly electricity
consumption L.

duction (high in the summer and low in the winter) [84]. This highlights the
difﬁculties in the comparison of the results where DSM techniques are used (to
the right in Figure 3.2) due to the difference in amount and type of shiftable
loads. Furthermore, the overall electricity consumption was in some cases
slightly increased by the load shifting, for example with actively controlled
heat pumps such as in [84–86]. This will in turn affect the self-consumption
and self-sufﬁciency [86]. Still, the ﬁndings presented in Figure 3.2 indicate
that the households with low electricity consumption (smallest bubbles) could
increase the self-consumption the most.
Examples of shiftable loads in households are washing and drying machines, and heating, ventilation and air-conditioning (HVAC) systems [9]. The
self-consumption of PV power increases if loads are shifted to periods when
there else would have been an surplus production of PV power. Several loads
in a household may however be difﬁcult to shift in time, which means that
the potential for increasing the self-consumption with load shifting might be
limited [87]. Some appliances are not suitable for load shifting without affecting the comfort of the residents [88]. This further limits the potential gain of
DSM. As can be seen to the left in Figure 3.3, research papers examining battery storage found a higher potential for self-consumption and self-sufﬁciency
increase than the papers examining DSM. Furthermore, DSM in households
often result in a more complex system with higher demand on communication
between devices, control methods and metering [89].
If the PV electricity production and electricity consumption remain the
same, the relation between the self-consumption and self-sufﬁciency will re24
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main constant when energy storage or DSM are used. This is described by
Equation 2.5 and shown for three residential PV systems from the collection
in Paper II to the right in Figure 3.3. Hence, a comparison of systems with
different P/L ratios will result in different increments in the self-consumption
and self-sufﬁciency even if the same measures are used. This is important to
keep in mind when comparing different PV systems and buildings.
To improve the energy performance when using DSM, several studies include weather forecasts to optimize the scheduling of the electric loads [83,
86, 90, 91]. Implementation of a weather forecast leads often to an even more
complex system, and the extra expenses for components and services must be
covered by savings on the electricity bill to be proﬁtable.
There is a third way of increasing the self-consumption if the installed PV
capacity is ﬁxed, namely varying the tilt and azimuth angles of the system. To
optimize the yearly electricity production from a ﬁxed PV system in Sweden,
it should be south-oriented with a tilt angle of 40 to 50 degrees depending
on the latitude [92]. The peak power production will then occur around noon
during days with clear weather. Since the sun rises in the east and sets in the
west, east-oriented PV systems will have their peak power production in the
morning and west-oriented in the afternoon. If two or more PV arrays with
different azimuth angles are combined, the power production proﬁle will be
smoother [93]. The yearly electricity production is lower for east- and westthan for south-oriented PV systems. There can however be other beneﬁts of
mounting PV panels in east- or west-orientation, such as better load matching
[80, 93]. This means that the self-consumed electricity from residential PV
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Figure 3.4. Frodeparken, Uppsala, owned by the public housing company Uppsalahem with the largest façade-mounted PV system on a residential building in Scandinavia [95]. Its curved shape makes the power production more smooth over the day.
Photo: Rasmus Luthander.

systems may increase, since the PV power production is often highest around
noon when no one is at home. The self-consumption in percent will however
most often increase when placing PV panels in other orientations than south
due to the lower yearly PV electricity production. Correspondingly, the selfsufﬁciency is likely to decrease if the PV panels are placed with a non-optimal
orientation.
There could also be other reasons for placing PV panels in a non-productionoptimal orientation. For example façade-mounted PV systems, such as the
house in Frodeparken in Uppsala (Figure 3.4), can be motivated from an aesthetic point of view [94]. PV systems on a façade can also be good as marketing or when the roof area is limited.
An important remark stated in the ﬁrst review paper is that the self-consumption can be increased by increasing the overall electricity consumption or
decreasing the PV size, as can be seen in Figure 3.5. This is important to
keep in mind when comparing self-consumption and self-sufﬁciency between
different buildings and PV systems.

3.3 Self-consumption, subsidy schemes and grid parity
Since the cost of PV electricity historically has been high, the market for gridconnected PV systems has relied on subsidies [5]. There exist several support
schemes for the promotion of PV systems. For private persons, the majority of the support schemes reduce the added value of self-consumption since
only the feed-in electricity and not the self-consumed electricity are subsidized. Support schemes such as feed-in tariffs and net-metering are effective
in terms of promoting PV electricity and increase the number of installations
[96], but they both lower the ﬁnancial incentives for self-consuming the electricity and might be expensive for the state. Feed-in tariffs offer long-term
contracts for selling generated electricity to a ﬁxed price or to spot market
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Figure 3.5. Example of power consumption and PV power production during a day
with two different PV system sizes. A smaller PV system (left) has a larger selfconsumption but smaller self-sufﬁciency than a larger system (right). Adapted from
Paper I.

prices plus an extra tariff [97, 98]. Feed-in tariff policies are or have been
used in for example Austria, France, Germany, Greece, Luxembourg, and
Spain [99]. Net-metering, where the electricity consumption is offset by the
generated electricity, is or has been used in for example in the USA, Canada,
Denmark, The Netherlands, Korea and Belgium [2, 100]. When the income
of selling electricity drops below the cost of buying electricity, increasing the
self-consumption may become ﬁnancially attractive [101].
In Sweden, neither feed-in tariffs nor net metering are used. Instead, there
are several other incentives for PV. The investment in a PV system is promoted by a direct capital subsidy [102]. The income from selling electricity
for ‘micro-producers’ in Sweden is the sum of the spot price, the electricity
certiﬁcates, the grid compensation from the DSO and the tax deduction [103].
The Swedish Tax Agency deﬁnes micro-producers as natural or legal persons
with a higher yearly electricity consumption than electricity production, i.e., a
net-consumer on a yearly basis, with a fuse of maximum 100 Ampere, and a
maximum yearly feed-in of 30,000 kWh [104]. The electricity certiﬁcates are
issued for a period of 15 years for all new production facilities of renewable
electricity [105]. For micro-producers, the electricity certiﬁcates are normally
based on the excess electricity into the grid, although it would be possible
to get certiﬁcates for the whole production [105]. The tax deduction for private persons of 0.6 SEK/kWh (approximately 6 e-ct) is based on only the
excess electricity fed into the grid, and not for the self-consumed electricity
[103]. For private persons with a small-scale PV system on their house, the
savings from self-consuming the electricity are thus very similar to the revenues from selling the surplus electricity [103]. This removes the added value
of self-consuming the PV electricity and thus also the ﬁnancial incentives for
increasing the self-consumption with for example a storage.
With lower PV system costs and increasing number of installations, the
subsidies have been reduced or abolished in many countries in recent years
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[5]. This is however much dependent on current political opinion and situation. As an example, the direct capital subsidy for the investment in residential PV systems in Sweden increased from 20% to 30% as of January 1,
2018, even though the PV system prices were stable during the last ﬁve years
[3, 106]. At September 3, 2018, the European Commission decided to end the
anti-dumping measure of PV modules manufactured in China, the so-called
minimum import price (MIP) [107, 108]. The MIP was identiﬁed as one of
the reasons why the previously rapid decline in prices of PV modules in Sweden had stagnated since 2013 [3]. The cost of the modules was estimated to
make up approximately 29% of the turnkey price of a residential PV system in
Sweden in 2017 [3]. With lower module prices, the system prices are likely to
fall as well, making PV more proﬁtable. A larger market and a higher competition between the Swedish installers of PV systems might result in even lower
system prices [102]. Due to this, it can be questioned if both the higher capital subsidy together with a tax deduction for micro-producers are still needed.
The capital subsidy might lower the number of installations, since the waiting
time to receive the subsidy can be long – sometimes up to two years – and
the applicants cannot be sure that the budget is sufﬁcient to cover all applications [109, 110]. This can make households hesitate whether to install a PV
system now or wait until they get the investment subsidy. The other subsidy –
the tax deduction for micro producers – removes the economic incentives for
increasing one’s self-consumption.
When the subsidies for the sold PV electricity are phased out or decreased,
self-consumption is projected to be one of the most important market drivers
for the expansion of PV systems [101]. A prerequisite for this is, however,
that owners of PV systems have the right to self-consume [111]. An important
indicator when it comes to economic aspects of an investment in a PV system
is the grid parity, meaning that the electricity from a PV system is cheaper than
the buying price of electricity [112]. The price for PV or other renewable electricity production is often expressed as levelized cost of electricity (LCOE) to
make it comparable to other electricity production sources [49, 112]. Grid
parity for self-consumption will be reached earlier than grid parity for selling the electricity on a market without any subsidies, since the value of the
self-consumed electricity is the wholesale market price of electricity includes
taxes and fees. The LCOE depends on the capital, operation and maintenance
expenditures (CAPEX and OPEX), the produced electricity over the lifespan
of the system, the interest (discount) rate and lifespan [49]. Possible residual
value, i.e. value after end-of-life, is also included.
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3.4 Behavioral aspects of PV systems and market
diffusion
A common assumption is that a household’s intention to generate own power is
a ﬁrst step towards a change in energy consumption behavior [113]. To analyze
if this is the case, several studies have been conducted based on questionnaires,
interviews and sometimes also analyzes of electricity consumption data [109,
114, 115].
The results presented in Paper I did not give a clear picture whether households that install PV reduce their electricity consumption or not, or even increase the electricity consumption. In one early study from 1999 it was found
that high-electricity consumption households reduced their electricity demand
whereas low-electricity consumption households slightly increased their demand [114]. Several papers where behavioral changes were assessed indicated
that there was a change in behavior when PV was installed [115–119]. Most of
these results relied on questionnaires and interviews, and not all of the papers
contained measurements to verify the results. In the papers where measurements of the electricity consumption were included, the actual outcome was
both positive and negative when seen from an energy-savings point of view
[116, 118, 120]. This ambiguous result may be partially explained by the procedure of the studies, where self-reported data might differ from reality. It is
also often not clear what causes a change in the electricity consumption: the
PV system itself, devices for power production and consumption visualization,
or if it is the actual decision to invest in PV.
In a Swedish study, approximately 40 households were interviewed before
installing a PV system about their attitudes and behavior about their electricity consumption [103]. Questions regarding the willingness to shift or reduce
the consumption to increase their self-consumption were also included. One
year later, follow-up interviews were made to ﬁnd out if the installation of
the PV system changed their awareness of their electricity consumption, and
if the willingness for shifting the consumption remained. The results showed
no general behavior change, although the awareness of the electricity use and
interest in the electricity production increased. One household had invested
in an EV and seven more were considering to buy one. A few respondents
said that they had increased their electricity consumption after installing a PV
system [103]. The motive for this was the feeling of having electricity for
free, even during nighttime or in the winter, which also has been concluded in
other studies [103, 121]. Without net metering, this concept can be questioned,
since one has to sell the electricity when it is produced and buy it back again
when it is consumed by the EV or heat lamps. This is a typical example of
the so-called rebound effect, where investments in energy saving or producing
devices can lead to higher energy or electricity consumption [122, 123]. Another typical example of the rebound effect is the replacement of incandescent
light bulbs (higher power consumption) with ﬂuorescent or LED bulbs (lower
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Figure 3.6. Different type of adopters of a technology and responding market penetration. Modiﬁed from [127].

power consumption), making the consumers less concerned about switching
off the light [124].
The diffusion of a new small-scale energy solution on a market can be
divided into different stages. Costs savings due to the investment in a new
small-scale energy solution signiﬁcantly inﬂuence the probability to invest and
adopt the technology [99]. However, since people tends not to base their decision solely on economic factors [125, 126], the importance of the cost savings from the investment varies between the different market diffusion stages.
Market diffusion of residential PV systems has been studied in for example
[99, 125, 126].
A market diffusion typically starts with a low adoption rate, and people investing in it can be noted ‘innovators’ and ‘early adopters’ [126, 127]. These
groups are often less concerned about the costs or concrete beneﬁts in the decision to invest in the energy solution [128]. Motivating factors can instead be
environmental concerns, interest in the technical innovation or the willingness
to be more self-sufﬁcient on electricity [99, 113, 127]. Peer effects, i.e., individuals affecting each other, and local organizations and electricity utilities
promoting PV can also be important for the ﬁrst stage in the market diffusion
[125]. The innovators and early adopters are however often too few to achieve
a large total market share of the technology. To reach out to a wider audience
– the early and late majority – factors such as economy of the investment and
simplicity are becoming more important [126–128]. The different groups that
can be identiﬁed in the market diffusion process can be seen in Figure 3.6,
where the market share can be represented by an S-curve [127, 129].
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3.5 Identiﬁed research gaps
In the review article from 2015 (Paper I), the following research gaps were
identiﬁed:
1. Weather forecasts to optimize the self-consumption using energy storage
or DSM.
2. Power peak reduction of the production and the consumption from a residential PV system using energy storage or DSM.
3. Increasing the self-consumption as a means to increase the hosting capacity of PV in power grids.
4. More comparative studies with both energy storage and DSM to investigate where similarities and differences originate from.
5. Studies on behavioral responses to PV systems with control groups without PV systems to verify the ﬁndings.
After the review paper was published, much new research results (including
the appended papers) on these topics have been published. A selection of papers covering these research gaps are listed below:
1. To optimize the self-consumption with an energy storage, no forecast is
needed: the storage is charged as soon as there is overproduction and
discharged as soon as the electricity demand exceeds the supply. Instead, forecasts are needed for self-consumption optimization with either storage or DSM and at the same time reduce power peaks (see
next paragraph) or increase the proﬁts with real-time pricing of electricity [89, 130]. In addition to earlier papers using forecast for selfconsumption improvement that was included in Paper I [78, 90, 91, 131,
132], many new papers have been published after the review paper was
written, for example [83, 86, 133–136]. Some used simple forecasts
models such as persistence or perfect forecasts, where the future weather
conditions and/or the load demand were either assumed to be the same
as the day or week before (persistence), or known beforehand (perfect)
[83, 86, 133, 134]. Others used more sophisticated forecasts models
and investigated the inﬂuence of the uncertainty on the self-consumption
[90, 91, 135, 136].
2. Reducing the power production and/or consumption peaks can relieve
the power grids, especially in areas with a large installed PV capacity. Battery management strategies aiming to only maximize the self31

consumption or the proﬁts often do not contribute to lower the feedin power since a battery might be fully charged before the peak-power
occurs [133]. Therefore, control strategies to lower the power peaks
using battery storage has been developed and presented in for example [78, 133, 136, 137]. The results show a larger potential for peak
shaving using battery storage instead of DSM strategies. A few studies also pointed out the possibility to use community energy storages
to reduce the peak power [138, 139], which is a similar approach as in
Paper III. The effect on the aggregated power when optimizing the selfconsumption in individual households has been addressed in for example
[89, 140] but detailed studies are rare. Here, Paper IV contributes to ﬁll
the knowledge gap.
3. Increasing the hosting capacity of PV power by using decentralized energy storage have been studied in for example [56, 57, 141–146]. The
aim of the majority of the studies was power grid services such as to
increase the hosting capacity or prevent overvoltage, and not primarily
increase the self-consumption. Exceptions to this are [57, 146] where
the aim were to optimize the performance of the individual PV-battery
systems (self-consumption, self-sufﬁciency, proftability etc.) and simultaneously minimize the stress on the grid, for example minimizing the
voltage rise due to high PV power production. However, the vast majority only studied on or a few LV grids, and studies consequences of
PV integration in larger power distribution systems are rare. Here, the
methodology and results in Paper V and VI contributes to the aggregated
knowledge.
4. Except the (mandatory) brief literature study of previous research included in every journal article, comparative studies on PV self-consumption in several countries are more rare. A few studies are comparing the
proﬁtability of residential PV systems between countries, for example
[147, 148], while other are comparing national market policies [100,
149, 150]. A methodology for analyzing national PV self-consumption
policies, published by the IEA Photovoltaic Power Systems Programme
(IEA-PVPS), can be found in [111]. As highlighted in Paper I, the research on residential PV self-consumption was rather scarce. Since then,
no comprehensive literature survey in the ﬁeld has been done. The summary of research ﬁndings presented in Paper II intends to ﬁll up this gap.
5. Behavioral responses affecting the electricity consumption due to installation of a PV system or price signals are investigated in for example
[103, 117, 151, 152] with mixed results. Some found the increased demand ﬂexibility of the users to be stable over time [117, 151, 152] while
other found no substantial changes in the user behavior [103]. Control
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groups to verify the ﬁndings have been used in [152], where the residents were divided in two groups and exposed to different electricity
peak-pricing.
Based on the summary above, several of the research gaps identiﬁed in Paper I
can be considered as well-investigated, and much new research results are
continuously published. This thesis and the appended papers contribute to the
aggregated knowledge in the ﬁeld of residential PV and self-consumption. The
research on various aspects of residential PV self-consumption advances fast
as many researchers and groups are active within the ﬁeld. The main novelty
in this thesis is the summary of several aspects, opportunities and challenges
with (residential) PV power on different system levels. In addition to the above
mentioned research gaps identiﬁed in Paper I, the appended papers also aim
to contribute to the aggregated knowledge in the ﬁelds of market diffusion of
PV-battery systems (Paper VII) and the potential for PV-battery systems to
ﬁll the national quota of primary frequency control (Paper VIII). The most of
the previous research have focused on individual buildings, for example the
ﬁnancial aspects for a household that provides prower for frequency control,
while results on an aggregated level are more scarce. Therefore, results on an
aggregated level are addressed in these two papers.
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4. Methodology and data

In this chapter, data and methodologies used in the appended papers are presented. The data and an overview of data and methodologies is presented in
Section 4.1. In Section 4.2 – 4.6 the methodologies used in Paper III – VIII
are described more in detail.

4.1 Overview of the methodology and data
The data and methodologies used in this thesis are listed in Table 4.1 and
Table 4.2. Since Paper I is a review study and Paper II is a meta study of
previous work in the ﬁeld they are not included in the tables.
In all of the appended papers, discrete time series of both electricity consumption in buildings and electricity production from PV systems were used.
All power consumption data for the Swedish households, except for the data in
Paper IV, were derived from measurements, either from the Swedish Energy
Agency (Paper III) or the DSO Herrljunga Elektriska (Paper V – VIII). The
PV power production data for the Swedish households were based on weather
data from SMHI. Paper VII also contains electricity consumption and PV electricity production data for German households. All the electricity consumption
and production data were regarded as mean power during each simulation time
step.
All papers were based on simulations, which were carried out in the softwares R, MATLAB and TRNSYS. For all cases the simulation period was one
year in order to catch the hourly, daily and seasonal variations in the weather
and electricity consumption data for the households.
There are two methods that were used in several of the appended papers,
namely energy storage and curtailment of the PV power production (see Table 4.2). In the papers, different methods for storage and curtailment were
used. This is mainly due to four reasons: (1) the level of detail, the purpose of
the paper and the importance of the method, (2) the time consumption of the
simulations, (3) the continuous reﬁning of the methods throughout the years
of my doctoral studies, and (4) the developer of the storage model. A few
examples:
– In Paper III, IV and VIII, the accuracy of the storage models were of
greater importance than in Paper V, and therefore more sophisticated
models were used.
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– The battery storage model from Paper III could not be easily implemented in Paper V due to the long simulation times (several weeks for
Paper V with the used algorithm).
– The different PV power curtailment models in Paper V and VI are due to
the long time consumption of the simulations and also due to continuous
reﬁning and development of the models.
– The storage models in Paper VII and VIII were primarily developed by
the co-authors. In Paper IV, a built-in model of a battery storage in the
simulation software was used.
Table 4.1. Data and time resolution used in each paper of the thesis.

Data

Section
III

Building electricity consumption
– Hourly
– 10 minutes
– 1 minute
EV charging electricity consumption
– 1 minute
PV electricity production
– Hourly
– 1 minute
Distribution grid properties

IV

Paper
V VI

VII

VIII









4.1.1








4.1.2

4.1.3




4.1.5









Table 4.2. Methodologies used in each paper of the thesis.
Methodology

Section
III

Power ﬂow simulations
PV in the power system
PV power curtailment
– Households & community
– Distribution grid
Energy storage
– Households & community
– Distribution grid
Load management (DSM)

36

IV

4.2
4.3
4.4.1
4.4.2



4.5.1
4.5.2
4.6






Paper
V VI










VII

VIII









4.1.1 Power consumption data
The power consumption data used in the papers came from two different
sources: Paper III was based on data of power consumption for 21 houses
on a 10-minute basis for approximately one year. The data were obtained
from a monitoring campaign by the Swedish Energy Agency in 2005 to 2008
[153]. One-minute data for the power consumption was calculated using linear interpolation of the 10 minutes data. The data were originally divided into
power consumption for several different household appliances (see [154]) but
in Paper III the aggregated power consumption for each house was used instead. The location of the houses was not known due to conﬁdentiality, other
than that the most of them were located in the Mälardalen region in Sweden.
In Paper V – VIII, hourly power consumption data for customers within a
distribution grid were used. The data were supplied by the distribution system operator Herrljunga Elektriska AB. In Paper VII and VIII, a few power
consumption proﬁles were chosen.
In Paper IV, the electric power consumption data consisted of several parts:
Firstly, synthetic time series of individual household members were modeled
using a Markov-chain model for activities, described in [155, 156]. From
the time series, electricity consumption of household appliances, internal heat
gain in different parts of the building and DHW use could be calculated. Secondly, the heat demand for space heating could be extracted using the built-in
house model Type 56 in the simulation software TRNSYS. To meet the heating
demand for space heating and DHW, an electric heat pump and an auxiliary
heater in combination with a hot water tank were used, all of these simulated
with TRNSYS components. Thus, the total electric power consumption consisted of power consumption in the appliances, the heat pump and the auxiliary
heater. The house model and control algorithms are thoroughly described in
[85, 157].

4.1.2 Electric vehicle charging
The model to calculate the power consumption due to EV charging on a city
scale, which was used in Paper VI, is described in [158]. The model generated
minute values of the charging loads, which were aggregated to hourly values
to match the existing power consumption data. The EV charging loads were
added to the existing power consumption in the nodes where the EV charging
took place.
The EV charging model is based on a discrete non-homogeneous Markov
chain, which is a stochastic process where the probability of transitioning from
one state to another does not depend on the history of previous states [159].
In a non-homogeneous Markov chain, the transition probabilities change with
time, which makes it useful to simulate random processes with time-dependent
patterns [160]. This makes it possible to separate the general driving patterns
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Home

Work

Other

Figure 4.1. Schematic model of the discrete Markov chain for the EV modeling. In
each time step, there was a probability to either change state or remain at the same
state. The car was driven when changing state, and charged when remaining at the
same state.

of the EVs in the night, morning, at noon, and in the evening. The charging
patterns are therefore dependent on both the time of day and locations of the
charging poles.
Three states were used in the model: "Home", "Work" and "Other". A
schematic scheme of the Markov chain is presented in Figure 4.1 The cars
consumed electric energy while driving, and charged until they were full when
parked. The charging poles were distributed among all customers connected to
the distribution grid. The customers were divided into the three groups (states)
depending on the categorization included in the data set.

4.1.3 PV power production data
The output power of a PV system depends on its size, the global and direct
irradiance, azimuth and tilt angles of the PV panels, shading and module efﬁciency, and efﬁciency of the inverter. In the southern and mid parts of Sweden
(Uppsala included), the PV electricity production is highest for a PV system
directed towards the south with a tilt of approximately 40 degrees. All papers
considered PV systems solely on rooftops.
The PV power production was in the majority of the papers calculated with
the Hay and Davies model for irradiance on a tilted plane, described in [161]
and applied in [162]. The hourly irradiance data used for Paper V, VI and
VII were extracted from the STRÅNG [163]. The STRÅNG data used for the
simulations are from the Swedish Meteorological and Hydrological Institute
(SMHI), and were produced with support from the Swedish Radiation Protection Authority and the Swedish Environmental Agency. The one minute
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irradiance data used in Paper III and VIII was measured in 2008 in SMHI’s
station in Norrköping, Sweden.
Rooftop areas suitable for PV systems were determined based on LiDAR
(Light Detection and Ranging) data together with the property map [162]. The
irradiance on the rooftops was thereafter extracted using the tool Solar Analyst
in the software ArcGIS [164]. A detailed description of the calculation of the
PV electricity production can be found in [162].
In Paper IV, the PV power production was calculated using the built-in
component Type 194 in TRNSYS. The component calculates the power at
maximum power point of the PV array. Weather data such as irradiance on the
tilted surface, ambient temperature, beam and diffuse irrandiance on a horizontal surface, and wind speed were used as input.

4.1.4 Aggregating data
When aggregating power consumption data from several houses the variability
of the measurements tends to level out due to time averaging [27]. The aggregated electricity demand is therefore smoother than for only one household as
shown in Figure 4.2. The smoothing effect of an aggregated load is important for the power system, since it is not designed to handle a simultaneous
maximum power from multiple consumers.
The aggregation of consumption data was important for the self-consumption in Paper III where shared or individual energy storages in a community
of several households are examined. The effects of aggregating data was also
important in Paper IV, where the smoothing with and without energy storage
and time-shifting of a heat pump was studied, and for the aggregated electricity
consumption in the distribution grid in Paper V and VI.
The smoothing effect of aggregating data is also the case for PV power production over a larger region during days with scattered clouds. When simulating a community as in Paper III the smoothing effect on the power production
is low. However, if the PV systems are facing different directions, the sun
path across the sky will contribute to a smoothing of the aggregated PV power
output [93].

4.1.5 Power grid structure
The distribution grid in Herrljunga municipality used in Paper V and VI consisted of a 10 kV MV grid with in total 5174 customers, most of them connected LV feeders with a line-to-line voltage of 400 V (230 V line-to-neutral).
The power grid in Herrljunga covered both a rural area as well as a relatively small city area. All grid preferences such as length and impedances of
the lines and connections were known. The rural part of the power grid had
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Figure 4.2. Smoothing effect of aggregating household power consumption data.
Power production for one PV system is shown as a reference. From Paper I.

a radial structure, whereas the meshed power grid in urban areas had more
interconnections.

4.1.6 Accuracy of the data and methodology
The accuracy of the data and methodology is important when calculating and
evaluating the results. Especially important are the irradiance and the electricity consumption data. There are a few potential sources of error in the data and
methodology, which might have affected the results. These are listed below:
• The accuracy of the measurements of the electricity consumption might
have varied. The load data used in Paper III has a high accuracy with
differences from the real values of maximum 2% [153]. The load data
from the distribution grid was automatically transferred from smart electricity meters at every customer. The accuracy of the measurements is
however not known to the author.
• Due to the temporal resolution of the measurements (1 minute or 1 hour),
the measured electricity consumption and PV electricity production will
differ from the highest and lowest power consumption or production during each time step. The random coincidence in the power consumption
between consumers is likely to lower the impact of the power ﬂuctuations for individual users on the system simulations used in the appended
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papers [27]. The temporal resolution of the PV electricity production has
been found to have a lower impact on self-consumption calculations than
the temporal resolution of the consumption data [26]. Moreover, the inﬂuence of the temporal resolution on PV-battery systems is less distinct
than on PV systems without storage [26]. This is further discussed in
Section 3.1.
• The accuracy of simulated electricity load of the house in Paper IV depends on factors such as the thermal inertia of the building, the weather
data and the stochastic appliance load data. The model of the building
has been validated in [157] against existing buildings of the same type.
This was however not the case for the control algorithms of the battery
storage, the heat pump and the auxiliary heater. It is therefore difﬁcult
to ﬁnd the accuracy of the data when comparing to a real house with the
same building properties.
• All the appended papers were based on electricity consumption measurements or simulations during one year. The electricity consumption
used in Paper V – VIII were measured in 2014. Especially in buildings
with electric heating, the ambient temperature affects the electricity consumption. The yearly average temperature in 2014 was approximately
2.4◦ C higher than the average during 1961 – 1990 in the studied area
[165]. Especially the period February – April was warm, with monthly
average temperatures of 3.5◦ C – 5.5◦ C higher than the average during
1961 – 1990 [165], which might have reduced the electricity consumption in buildings with electric heating. The electricity consumption in
the houses in Paper III was measured during different years, and the location of the houses was not known.
• One-year irradiance measurements for the PV power calculations were
used in all the appended papers. In Paper V – VII, the PV electricity production was based on data from STRÅNG [163]. The STRÅNG data is
modeled and based on for example measurements at 12 stations in Sweden. During 2014, the global horizontal irradiance data, retrieved from
STRÅNG, in the studied area was 2.3% higher than the yearly average
during 2008 – 2017 (950 versus 928 kWh m-2 year-1 ) [163]. At the nearest measurement station in Gothenburg, Sweden, the global horizontal
irradiance during 2014 was 3.6% higher than the average during 2008 –
2017 (1025 versus 989 kWh m-2 year-1 ) [166]. In Paper III and VIII, the
irradiance data were measured in 2008 at SMHI’s station in Norrköping,
Sweden. The global horizontal irradiance during 2008 was 1.3% lower
than the average during 2008 – 2017 [166]. Therefore, the PV electricity
production might have been overestimated in Paper V – VII and under-
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estimated in Paper III and VIII compared to an average year.
• A model is a simpliﬁcation of reality, so are also the models used in this
thesis. The accuracy of the models is much dependent on the accuracy
of the data. Therefore, the results cannot be more precise than the input
data, for example when it comes to the number of signiﬁcant ﬁgures.
Paper III and IV contained PV electricity production and electricity consumption data with a higher temporal resolution than the other papers,
which might have resulted in more accurate results.
• In Paper VII and VIII, the results are scaled to a national level, which
will give errors in the estimates. The households used for the simulations
could not be veriﬁed as representative for the whole country, and they all
had the same location. Therefore, the results from these studies should
be viewed more as trends and indications rather than accurate forecasts.
When projections about the future are made, such as future electricity
and component prices in Paper VII, the accuracy of the results will be
even lower. Due to this, a sensitivity analysis where the input parameters were varied was included in the paper to examine the sensitivity
of the results. In Paper VIII, the future electricity prices the coming 25
years were used for the calculations. However, a conservative prognosis
was used, namely that the electricity prices remain the same as during
2015 – 2017.
To increase the accuracy of the simulations, data with higher temporal resolution would be needed, and the simulations should cover several years instead of only one. However, yearly simulations cover the seasonal variations,
and the seasonal variations in irradiance and temperature at high latitudes are
larger than the difference between different years. The temporal resolution
of the data and the accuracy of the measurement equipment could not be inﬂuenced within this doctoral project. Furthermore, the common theme in the
appended papers and this summary is the system approach and simulations
of loads in several buildings. Due to, for example, load smoothing this could
lower the impact of measurement errors. Furthermore, often the exact values
in the results are not of main interest, instead it is the trend in, for example,
the self-consumption or revenues that is of importance.

4.2 Power ﬂow solution
This section presents the power ﬂow simulations used for Paper V and VI. The
power ﬂow solution made it possible to assess the impact of distributed PV
generation on the voltage and current magnitudes and phase angles in every
part of the studied grid. This section covers brieﬂy how these calculations were
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performed. Detailed descriptions of power ﬂow simulations can be found in
for example [45].
In a power system with a total of n buses (connection points), the current
entering bus i from bus j (where i is included in j) is given by
Ii =

n

∑ Yi jV j

(4.1)

j=1

where Yi j is the admittance of the power line (feeder) between bus i and bus j,
and V j is the voltage in bus j [45, p. 271]. Whereas the admittance is known,
the voltage is unknown and has to be calculated. In polar form, the voltage
can be expressed as
 
V j = V j  δ j

(4.2)

 
Yi j = Yi j  θi j

(4.3)

and the admittance as

which will give the current
Ii =

n



 

∑ Yi j  V j 

δ j + θi j .

(4.4)

j=1

The complex net power at bus i (difference between the power to and from the
bus) is calculated as
Pi − jQi = Vi∗ Ii

(4.5)

which can be rewritten by inserting (4.4) as
n   
Pi − jQi = |Vi | −δi ∑ Yi j  V j  δ j + θi j .

(4.6)

j=1

This can be divided into the active power Pi and reactive power Qi ,
Pi =

n

 



∑ |Vi | V j  Yi j  cos(δ j − δi + θi j )

(4.7)

j=1

n
  
Qi = − ∑ |Vi | V j  Yi j  sin(δ j − δi + θi j ).

(4.8)

j=1

One of the buses is deﬁned as the ‘slack bus’, with a speciﬁed voltage and
an unconstrained supply of power to or from the power grid. For the MV
grid, the slack bus was the distribution substation, i.e. where the MV grid was
connected to the high-voltage grid. The solution to the power ﬂow problem
is found by solving a large system of nonlinear equations through an iterative
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process. The most common are the Gauss-Seidel and the Newton-Raphson
methods [45, p. 234]. Both are iterative processes, but the Newton-Raphson
method needs less iterations to converge than the Gauss-Seidel method, and
the former is therefore more efﬁcient and practical for power ﬂow simulations
[45, p. 271]. Newton-Raphson is also the method used to solve the power ﬂow
calculations in the appended papers. Since power production and consumption
data per phase was not available, the PV power and load were assumed to be
perfectly balanced between the phases.
Since the Herrljunga grid consisted of two MV and 338 LV grids, a simpliﬁcation of the calculations were done to reduce the simulation time below two
hours. As a ﬁrst step, only the MV grids were simulated, with the aggregated
load and generation data within each LV grid as input. The resulting voltage in
the nodes (in p.u.) and phase angles were thereafter used as slack bus voltages
in the simulations of all 338 LV grids.

4.3 PV in the power system
This section contains a methodology for assessing the diffusion of PV and PVbattery systems in Germany and Sweden, and a methodology to evaluate the
potential of supplying primary frequency control with PV-battery systems in
Sweden.

4.3.1 Market diffusion of PV and battery systems
The market diffusion model used in Paper VII aimed to model how residential
PV and battery systems spread on the Swedish and German markets from 2010
to 2040. Consumption data from several households were used and the houses
were simulated individually, but the aim was to study the aggregated number
of PV installations from a system rather than from a household perspective.
In the model, a combination of epidemic and decision-based modeling were
used. Epidemic models were originally developed to analyze the spread of infectious diseases, but has since then been further developed to analyze for
example diffusion of new energy technologies [129]. In decision-based modeling, it is assumed that once a technology is proﬁtable, the market player
will choose to invest. By combining these two types of modeling approaches,
both ﬁnancial parameters and individual reasons to not invest in a ﬁnancially
proﬁtable system can be taken into account. A ﬂow chart of the simulation is
shown in Figure 4.3.
Market data for heat pumps for detached houses in Sweden from 1999 to
2016 were used for the ﬁtting of the adoption rate as a function of the market
share, see Figure 4.4 [167, 168]. Heat pumps have changed from an innovative to conventional energy efﬁciency solution on the Swedish heating market
[128]. The adoption of PV systems was therefore assumed to be similar on a
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Figure 4.3. Flow chart showing the simulation algorithm for market diffusion in Paper VII. This is used to estimate the market shares of PV systems and PV-connected
batteries in Germany and Sweden.

market driven by ﬁnancial decisions rather than innovation, which is reasonable on a mature market.
To estimate the adoption rate ϕ of PV systems and PV-connected battery
storage systems, a normal distribution was ﬁtted to the empirical data according to
(x−μ)2
1
(4.9)
ϕ(x) = A · √ e 2σ 2 + ϕmin
σ 2π
where x is the market share, A = 0.0189 is a scaling parameter, ϕmin = 0.01 is
the minimum adoption rate, σ = 0.0135 is the standard deviation, and μ = 0.345
is the expected value. Out of all possible proﬁtable investments in PV or PVbattery system for each year (decision-based modeling), it is assumed that a
certain percentage choose to install a system (epidemic modeling).

4.3.2 PV-battery systems for primary frequency control
In Paper VIII a methodology for calculating the potential for PV-battery systems to provide primary frequency regulation (PFC) was developed. The
methodology is based on a Master’s thesis at Uppsala University in 2018
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Figure 4.4. Empirical data for installations of heat pumps in Swedish detached houses
and corresponding distribution function. From Paper VII.

where the proﬁtability for one household with a PV-battery system for primary frequency regulation was calculated [169]. In Paper VIII, the aim was to
estimate the aggregated potential of roughly 2200 residential PV-battery systems to provide PFC in Sweden. The household proﬁles were a selection of
the consumption proﬁles used in Paper V and VI. The storage algorithm was
therefore changed compared to [169], as described in Section 4.5.1.
The costs and revenues were based on average hourly buying and selling
prices from 2015 to 2017 for households plus the compensation from the
power that was held available for PFC and the energy used during regulation.
The tax deduction was not considered since it makes the buying and selling
prices of electricity to be almost the same. Compensation for the power is
given as pay-as-bid, meaning that the operators get the compensation they call
for as long as the bid gets accepted. Since the available historical PFC prices
represented the average bids, it is likely that bids following this curve will get
accepted as long as the market is stable. However, when more capacity enters
the market, bids might have to be lower to get accepted. The highest prices
were not available due to conﬁdentiality.

4.4 PV power curtailment
Active power curtailment of PV systems to limit the feed-in power was used
in Paper III, V and VI. Different models for the power curtailment were used.
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4.4.1 PV power curtailment in a community
In Paper III, the power curtailment is based on feed-in power, and is varied
to study the effects on electricity losses, self-consumption and yearly revenue.
The feed-in power is set for the whole community instead of individual limits
for the houses, and the power curtailment losses are distributed among all PV
systems. This also means that overproduction from one house can be consumed in another house in the community without affecting the feed-in power
from the community.
The ﬁxed feed-in limit for the whole community was varied to investigate
the change in self-consumption, losses and ﬁnancial proﬁts.

4.4.2 PV power curtailment in a distribution grid
In Paper V and VI, power curtailment of the PV systems was used to reduce the
voltage levels. Two ﬂow charts describing the algorithms in the two papers are
shown in Figure 4.5. The algorithm used in Paper V (to the left in the ﬁgure)
is faster than the algorithm used in Paper VI (to the right), which was needed
to keep the simulation time below one month in Paper V. Furthermore, the
differences also depend on the continuous model development throughout the
doctoral studies.
Fixed feed-in power
In Paper V, the curtailment was done by deﬁning feed-in power limits for each
consumer. These were affected by the strength of the surrounding power grid,
the installed PV power and the PV capacity of all other prosumers in the distribution grid. With this, a topology of the power grid and the PV production
capacity was obtained.
The method is based on power ﬂow simulations with only PV power production and no power consumption. This means that all PV power production
was fed into the power grid, and represents a worst-case scenario for each
simulation. The voltage for prosumer i was thus proportional to the power
production, i.e.,
V ∝ PPV

(4.10)

where PPV is the PV power production for each prosumer and V is the resulting
voltage at the connection point. Also customers without PV were affected by
voltage rises. The individual feed-in power limit Plim was set as the highest
power for which the voltage did not exceed a maximum voltage limit Vmax in
the local LV grid:
Plim = max[PPV (V < Vmax )].

(4.11)
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Figure 4.5. Flow charts describing the algorithm in Paper V (left) and the algorithm
in Paper VI (right).

If the total load Ptload in the household self-consumed parts of the PV power
production, a higher PV power than the feed-in limit was possible. The feed-in
power PtFeed−in for each hour t and each prosumer was calculated as

PtFeed−in

=

PtPV − Ptload
Plim

if PtPV − Ptload ≤ Plim
if PtPV − Ptload > Plim

(4.12)

During night or if the power consumption was high, the feed-in power was
negative according to the deﬁnition, i.e., feed-out.
Dynamic feed-in power
In Paper VI, another approach to curtail the PV generation was used: instead
of deﬁning ﬁxed feed-in limits, the power curtailment was based on the local
voltage for each consumer. A method called droop-based active power curtailment described in [59, 60, 170] was used. A correction was done to the
model to never curtail the PV power below the power consumption, which
always made it possible to produce PV power for one’s own use (i.e. selfconsumption) even if the voltage reached the maximum allowed level.
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In the model used in Paper VI, every PV inverter had its own droop coefﬁcient based on a predeﬁned voltage limits and PV system size. For each
prosumer, the feed-in power PtFeed−in for every time step was dependent on
the voltage Vt as
⎧ PV
Pt − Ptload
if
⎪
⎪
⎪
⎨PPV − Pload
t
t
PtFeed−in =
⎪
−m(V
t −Vcri ) if
⎪
⎪
⎩
0
if

Vt < Vcri
Vcri ≤ Vt ≤ Vmax
Vmax < Vt

(4.13)

where PtPV is the PV power, Ptload is the household load, m is a slope factor
(Watt/Volt) and Vcri is the voltage limit above which the feed-in power is reduced. The maximum allowed voltage was deﬁned as Vmax . The PV power
PtPV could not be curtailed below the household load Ptload , which means that
self-consumption was favored:
PtFeed−in ≥ 0

if

PtPV > Ptload .

(4.14)

Each PV system had its own slope factor m, calculated as
m=

PPV max
Vmax −Vcri

(4.15)

where PPV max is the maximum PV power from each system. By running an
interative simulation, a solution could be found where every prosumer had a
voltage below Vmax .

4.5 Energy storage
Energy storage in connection to PV systems was used in Paper III – VIII.
Different approaches on energy storage were used: whereas battery storages
were modeled in Paper III, IV, VII & VIII, the storage capacity in Paper V
was estimated but no explicit storage technology was modeled.
One important aspect when comparing different kinds of battery technologies is the aging, which implies that the available battery capacity decreases
over time. The aging depends on several factors such as battery composition,
temperature inside the battery, minimum state of charge in the cycles, calendar life and number of cycles. The aging was however only considered in
Paper VII and VIII since they were the only studies covering several years of
operation.
A simpliﬁcation of all battery storage models were that the self-discharge
was not taken into consideration. Every battery in a charged state deteriorates
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with varying rate, mainly depending on technology, cell design and temperatures. The self-discharge for lead-acid batteries is 2-5% per month and for
lithium ion batteries about 1% per month[34]. Since the battery storages used
in the papers were only used for daily storage, the losses due to self-discharge
were likely to be small. However, if the batteries are not used during the winter, extra energy from outside is needed to keep the state of charge (SOC) at a
constant level.

4.5.1 Energy storage in households and communities
Battery energy storage in households and communities were modeled in Paper
III, IV, VII and VIII.
Battery energy storage in communities
Different models for the battery energy storage were used in Paper III and IV:
Kinetic battery model in Paper III and the built-in battery model in TRNSYS
(Type 47) plus an regulator and inverter (Type 48) in Paper IV. In the latter
study, the battery model corresponds to a simple energy balance of a storage,
which varies the state of charge proportionally to rate of charge or discharge
[171]. Since both the battery and the regulator/inverter are standard components in TRNSYS, they will not be further described.
All houses in the communities were electrically connected to each other.
However, according to the Swedish Electricity Act, it is not possible to "transfer" electricity directly from one house to another if a standard 230/400 Volt
AC connection is used, without ﬁrst selling the surplus electricity on the market and thereafter buying electricity back in another house [47].
In Paper III, three cases were compared: (1) every house had its own battery
storage and electricity meter, (2) every house had its own battery storage but
shared electricity meter, and (3) all the households shared electricity meter and
had a shared community energy storage (CES) with the same total size as all
the individual storages. With a shared electricity meter, it would be possible to
transfer electricity from one house with overproduction from its PV system to
another house with surplus power consumption, and still count the PV power
production as being self-consumed. To make the results comparable, only
the two cases with shared electricity meter for the whole community will be
compared in the results section.
The kinetic battery model (KiBaM), which was used in Paper III, is based
on chemical kinetics of lead-acid batteries [172]. The battery model used in
Paper III is derived from the kinetic battery model as it is implemented in the
microgrid modeling software HOMER Energy [173, 174]. The reason for this
is that the model in HOMER Energy is calculating the charging and discharging power rather than the charging and discharging current as in [172].
A schematic ﬁgure of the KiBaM model and its constants is presented in
Figure 4.6. An advantage of the KiBaM compared to more advanced battery
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Figure 4.6. Kinetic battery model (KiBaM) [172]. The model can be described by two
tanks. The available charge Q1 in tank 1 can be used directly immediately whereas the
charge q2 in tank 2 only can be charged or discharged via tank 1 with a rate determined
by the conductance k .

models is the simplicity, since only three constants (k , c and Qmax ) have to be
determined, and at the same its realistic results.
The model is based on two tanks separated by a conductance k . The ﬁrst
tank holds the available charge Q1 , which is available to meet the load immediately. The second tank holds the bound charge Q2 , which can only be
used to charge or discharge the other tank. The storage capacity ratio c, where
0 < c < 1, describes the share of the total capacity that can be stored in tank
one. The other tank holds a share 1 − c of the total capacity. The conductance
is assumed to be the rate of chemical reaction between the two tanks, either
the rate at which bound charge becomes available or the rate at which the inner
tank is charged by available charge. This sets the rate of charge or discharge
when the ﬁrst tank is full or empty, respectively. The constant Q0 is the total
charge at each time step, divided into charge Q1 in tank one and Q2 in tank
two.
The battery model was used to calculate the maximum power the battery
could absorb or produce at each time step, depending on the state of charge
and the recent charge and discharge history.
The constants describing the behavior of the battery can be extracted from
experiments. However, since Paper III was a theoretical study, the three constants were taken from the paper by Manwell & McGowan [172]. The equations describing the behavior of the battery charging and discharging are as
follows. First a new rate constant depending on the conductance k’ and relationship in charge contents between tank one and two is deﬁned [172]:
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k=

k
.
c(1 − c)

(4.16)

The total charge consist of the available charge in tank 1 and 2, i.e.,
Q0 = Q1 + Q2 .

(4.17)

The ﬁrst step is to calculate the maximum charge power according to the kinetic battery model as
Pcmax,kbm =

kQ1 e−kΔt + Q0 kc(1 − e−kΔt )
1 − e−kΔt + c(kt − 1 + e−kΔt )

(4.18)

and the maximum discharge power as
Pdmax,kbm =

−kcQmax + kQ1 e−kΔt + Q0 kc(1 − e−kΔt )
1 − e−kΔt + c(kt − 1 + e−kΔt )

(4.19)

where Δt is the length of the time step, Qmax is the rated capacity of the battery
and Q1 is the total charge in the beginning of each iteration. If the unit for Q
is kWh, the time step t is given in hours or fraction of an hour.
Another limitation in the battery charging power included in HOMER Energy is related to maximum charge rate αc [173], which is calculated as
(1 − e−αc Δt )(Qmax − Q)
.
(4.20)
t
The limit is directly proportional to the remaining battery capacity (Qmax − Q),
and aims to model the decreasing charge rate as the storage reaches high SOC.
The third limitation of the charging power is determined by the maximum
charge current Imax , calculated as
Pcmax,chargeRate =

Imax Nbatt Vnom
(4.21)
1000
where Nbatt is the number of batteries in the battery bank, with a nominal
voltage Vnom .
With these three limits, the maximum charging power of the battery bank
with charging efﬁciency ηc can be calculated as
Pcmax,mcc =

Pcmax =

min(Pcmax,kbm , Pcmax,chargeRate , Pcmax,mcc )
.
ηc

(4.22)

Similarly, the maximum discharge power to the system depends on the discharging efﬁciency ηd as
Pdmax = ηd Pdmax,kbm .
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(4.23)

If the surplus PV power exceeds the maximum charing power, the remaining
power either has to be curtailed or fed into the power grid. If the power demand
exceeds the maximum discharge power of if the storage is empty, the part that
is not met by the battery has to be imported from the grid.
When the charge or discharge (adjusted for the efﬁciency) for each time
step is calculated it is possible to calculate the charge content in each tank at
the next time step as
Q1,t+1 = Q1 e−kt +

(Q0 kc − P)(1 − e−kt ) Pc(kt − 1 + e−kt )
−
k
k

(4.24)

and
Q2,t+1 = Q2 e−kt + Q0 (1 − c)(1 − e−kt ) −

P(1 − c)(kt − 1 + e−kt )
k

(4.25)

where P is the discharging power (positive) or charging power (negative). The
charging stops when the battery is fully charged and the discharge stops when
SOC of the battery has reached a user-deﬁned limit. The SOC is a dimensionless parameter that describes the available charge in the battery related to the
maximum capacity, and it is usually expressed in percent of the rated capacity:
SOC =

Q
× 100.
Qmax

(4.26)

Depending on the battery type, frequently low SOC results in large battery
wear, higher risk of failures and accelerated degradation of the storage capacity [33, p. 185]. The sensitivity of low SOC differs between battery technologies, but also within the same technology. Batteries which can handle
frequently occurring low SOC levels without major damages are called deep
cycle batteries [175]. This results in longer lifetime of the storage, which is
important in PV-battery systems. In Paper III, the minimum SOC was set to
30%, meaning that only 70% of the stated capacity could be used.
Energy storage for market diffusion assessment
In Paper VII, a simpliﬁed battery model was used, aiming to optimize the
proﬁts of the battery storage for a ﬁxed electricity tariff. The model was based
on a cost function for the battery operation, described in [126]. The buying
price of electricity was higher than the selling price which made it more profitable to store surplus electricity for later use rather than ﬁrst selling excess PV
electricity and buying back electricity later in the evening or night. The price
difference had to be high enough to compensate for energy conversion losses
in the battery system. The cost function also considered battery capacities of
0 kWh, i.e., a PV system without any storage.
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By using real-time pricing, for example the Nord Pool spot market price
instead of a ﬂat tariff, the cost function for the battery storage would be more
complex to optimize. In this case, price, weather and household electricity
consumption forecasts have be used to determine when to charge and when to
discharge the battery storage.
Energy storage for PFC provision
In Paper VIII charging-discharging strategies for residential battery energy
storages were compared: one where the battery storages were only intended to
increase the self-consumption in the houses, and one where PFC provision was
prioritized before self-consumption optimization. The batteries were sized
to be able to provide full power for one hour, followed by one hour where
the battery was recovered to 50% SOC. With this strategy, it was possible
to calculate the bidding sizes (in kW or MW) one or two days in advance
according to the requirements [176].
For the operation strategy which prioritized PFC provision, the operation
hierarchy of the batteries followed the order of the equations below. During hours when the battery was used for PFC, the battery charge Q at time t
changed according to

0.5Qmax + ηc PPFC if down-regulation
(4.27)
Qt =
0.5Qmax − PPFC
if up-regulation
η
d

is the need of up- or down-regulation and Pmax is
where PPFC ∈ 0
the nominal power of the battery. Up-regulation means that the battery must
provide power (discharge) to increase the frequency, whereas down-regulation
means that the battery must consume power (charging). The need of up- or
down-regulation (PPFC ) was direct proportional to the volumes of regulating
power during 2015–2017.
The batteries were charged and discharged with the efﬁciencies ηc and ηd .
max
is the stored energy at the maximum state of charge. The maximum
Q
charge power of the storage was the same as the maximum discharge power.
During the hour t + 1 following the PFC hour, the battery charge was restored
to 0.5Qmax .
The net power from a PV-battery system, where positive means export to
the grid and negative import from the grid, is
Pmax

Ptnet = PtPV − Ptload − ΔQ.

(4.28)

where ΔQ = Qt − Qt−1 .
If PtPV > Ptload and ΔQ > 0 (battery is charging), the excess PV power could
be used to charge the battery instead of being sold. If PtPV < Ptload and ΔQ < 0
(battery is discharging), the whole or parts of the household load could be
supplied by discharging of the battery and thus reducing the need of buying
electricity.
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If the battery had enough energy and power capacity left besides the PFC
operation (Eq. 4.27), or if it was used only to increase the self-consumption,
it was further charged or discharged to
⎧
⎪
Qt + ηc Ptnet if Ptnet ≥ 0 & Qt < Qmax
⎪
⎪
⎪
⎨Qmax
if Ptnet ≥ 0 & Qt = Qmax
net
(4.29)
Qt+1 =
Pt
net < 0 & Q > Qmin
⎪
Q
−
if
P
t
t
⎪
t
η
⎪
d
⎪
⎩Qmin
if Pnet < 0 & Q = Qmin
t

t

where Qmin is the minimum charge of the battery storage. If the battery systems only were used to increase the self-consumption, they were operated
according to Eq. 4.29.
In the paper, the energy storage capacity was set to twice the power capacity, i.e. a maximum C-rate of 0.5. With a lower C-rate (larger energy capacity
and/or lower prower capacity) there would be a higher potential to use the storage for self-consumption also during periods when it is recharging to its initial
state (0.5Qmax ). With a battery rating of 10 kWh energy capacity and 2.5 kW
power capacity, the battery charge can be within 0.25Qmax and 0.75Qmax and
still be able to regulate with the rated maximum power. Another possibility is
to deliver regulating power during two hours followed by one hour recharge.
A sensitivity analysis was performed by varying the battery prices and desired discount rates. As a simpliﬁcation, the selection of the households were
seen as representative for Sweden. Based on statistics of the number of households in Sweden [177], this made it possible to calculate a rough potential for
PFC provision by PV-battery systems on a national level.

4.5.2 Energy storage for grid applications
In Paper V, a storage estimation was developed to avoid overvoltage in the
distribution grid. No storage was modeled, instead the required storage capacity was estimated to reach the same results as with the power curtailment
method. The storage capacity was set equal to the maximum daily curtailed
PV electricity. This was done by ﬁrst calculating the sum of the curtailed PV
electricity E for prosumer i and day j:
j×24

Ei, j =

∑

[PtPV − PtFeed−in ].

(4.30)

t=( j−1)×24+1

Only hours when the power was curtailed were considered, i.e. PtPV > PtFeed−in .
To be able to store all the excess production for a day, the storage capacity for
prosumer i was be equal to the highest daily excess production, i.e.
Ci = max(E j,i ).
j

(4.31)
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In Paper V, the storage units were placed in direct connection with the prosumers affected by power curtailment of their PV systems. A storage that can
handle the maximum daily overproduction is in general oversized during the
rest of the year. If a smaller storage is used, then part of the excess PV power
has to be curtailed not to exceed the feed-in power limit. Therefore, the energy capacities of all the storages in Paper V were adjusted to investigate the
inﬂuence on the power curtailment losses.
Charging and discharging losses of the battery storage depend on the efﬁciencies, in this case the charging efﬁciency was set to 90% and the discharging efﬁciency to 90%, i.e. a round-trip efﬁciency of 81%. An overview
of existing battery technologies for grid applications (lead-acid, lithium-ion,
soduim-sulfur (NaS) and vanadium redox ﬂow batteries) showed a span in
round-trip efﬁciency from 70% to 95% [44]. One of the most common technologies for power grid applications today is high-temperature NaS batteries
with an round-trip efﬁciency of 75% to 90% [30, 44]. Batteries or hydrogen
storage are probably most suitable, since other large-scale storage solutions
like pumped hydro storage or compressed air energy storage cannot be installed anywhere.

4.6 Load shifting using a heat pump
Besides energy storage, load shifting appliances is one of the main options to
increase the self-consumption. However, this may affect the smoothing of the
aggregated power to and from a community of houses. If the electric heated
houses shift the heating system to periods of PV production, the operation of
the heating systems might be more correlated than if they only are regulated by
the indoor temperature, also during times without PV electricity production.
In Paper IV, a detailed model of a single-family house with exhaust air
heat pump, PV system and battery energy storage was used for the analysis.
The house model, which was developed and simulated in the software TRNSYS 17, is described thoroughly in [85, 157]. In the paper, a community of ﬁve
identical houses were simulated, with four persons each and individual electric power and DHW proﬁles. Each house was equipped with a south-oriented
6.2 kW PV system and a 7.2 kWh battery storage.
The control algorithm for the heat pump and battery storage models aimed
to maximize the PV self-consumption and minimize the need of buying electricity for each house individually. Results of a parametric study with four
different cases for each house, i.e., 20 simulations in TRNSYS, were compared and analyzed in MATLAB. The cases in the parametric study are brieﬂy
described in Table 4.3.
The aim of the paper was to study if the aggregated peak power, both production and consumption, was affected when the control algorithms aiming
to optimize the individual energy performance (self-consumption and self56

Table 4.3. Cases analyzed in Paper IV.

Case 1
Case 2
Case 3
Case 4

Battery storage

Heat pump controlled by the PV system

No
Yes
No
Yes

No
No
Yes
Yes

sufﬁciency) were used. The aim did therefore contain two parts: energy versus power performance, and building performance versus community performance. This was evaluated by using the load coincidence factor fload and
power generation coincidence factor fgeneration , which have been proposed by
for example [25]:
fload =

mint (∑in=1 Pn (t))
∑in=1 max(Pn (t))

fgeneration =

maxt (∑in=1 Pn (t))
∑in=1 maxt (Pn (t))

(4.32)
(4.33)

for i number of houses. The net power P in the PV power production minus
the power consumption. The higher factor, the higher the correlation in the net
power between the houses.
Due to time constraints, only ﬁve houses (with four cases each) were simulated in Paper IV. In this summary, additional results for 10 houses are presented, each of them with the four cases in Table 4.3. The load and generation
coincidence factors were calculated as an average for two houses (house 1+2,
house 2+3, ..., house 10+1), three houses (house 1+2+3, ..., house 10+1+2) up
to 10 houses to examine how the coincidence factors depend on the aggregation size.
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5. Results

This chapter summarizes the results from the appended papers III – VII. In
Section 5.1, results from the studies of communities of households are presented. Section 5.2 contains the simulations results for the system integration
studies on a distribution grid. The chapter ends with Section 5.3 where results
for PV in the power systems are given.

5.1 PV in a community
This section summarizes the results and ﬁndings of PV in a community of
detached houses, presented in Paper III and IV. A community often consists
of houses of different sizes, orientations and electricity demand. This means
that the aggregated power consumption and net-power consumption (the consumption minus the PV power production) will be smoother over the day than
for an individual house as shown in Figure 4.2. The houses in both communities were equipped with batteries, and in Paper IV also with controllable heat
pumps and hot water storages. In Paper III, the batteries were either spread out
to every house with a PV system, or used for a centralized community energy
storage.

5.1.1 Electricity production and consumption
The yearly electricity consumption and PV electricity production of the 21
houses in the community in Paper III is shown in Figure 5.1. The PV electricity production was calculated based on LiDAR data together with the property
map [162]. The consumption data comes from a metering campaign of 400
housesholds in Sweden [153]. The P/L ratio (yearly PV electricity production
divided with the consumption) was taken into consideration when assigning
the consumption proﬁles to the buildings to avoid large overproduction on a
yearly basis.
A probability density distribution of aggregated power consumption and net
power consumption in the community is presented in Figure 5.2. The highest
feed-in power (from the community to the grid) was 93.7 kW and the highest
feed-out power (from the grid to the community) was 94.3 kW.
The probability of high power consumption was very similar for both distributions, which indicates that there were no or low PV power production
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Figure 5.1. Electricity consumption and PV electricity production of the 21 houses in
the community during one year. From Paper III.

during periods of peak power consumption, which most probably occurred
during winter time. Therefore, the correlation between the residential power
consumption and the PV power production was low, at least in Sweden. For
other sectors such as industries and ofﬁces and in warmer climates where cooling is needed, the correlation is likely to be higher. In those cases, installing a
PV system on a building might reduce the maximum net power consumption.

5.1.2 Power from and to the grid
Figures 5.3 and 5.4 present the mean hourly net power, either excess power
production (positive values) or excess power consumption (negative), of the
whole community in Paper III for every hour of day and every day of the year.
No power curtailment was applied.
The plots at the top (a) in both ﬁgures show the aggregated net power for
all houses with PV system but without storage. The middle plots (b) show the
same houses and PV systems but with individual battery storage of either 1
kWh per kWp (Figure 5.3) or 2 kWh per kWp (Figure 5.4) installed PV power,
i.e. a PV system of 5.5 kWp had a battery storage of either 5.5 or 11 kWh
capacity. In the plots at the bottom (c) all houses were sharing one large CES,
but of the same total size as in (b). Note that only 70% of the storage capacity
could be used, since the minimum SOC was 30%. According to the results the
reviews in Paper I and II, the most common PV-battery system in published
research was between 0.5 and 2 kWh storage per kWp installed PV power.
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Figure 5.2. Probability distribution of aggregated power consumption and net power
consumption over the whole year. Adapted from Paper III.
Table 5.1. Self-consumption (SC) and self-sufﬁciency (SS) of the three cases in Figure
5.3 (1 kWh/kWp ) and Figure 5.4 (2 kWh/kWp ). All houses in the community share grid
connection.
Ref.
Fig. 5.3a
Fig. 5.3b
Fig. 5.3c

SC [%]

SS [%]

58
62
66

20
22
23

Ref.
Fig. 5.4a
Fig. 5.4b
Fig. 5.4c

SC [%]

SS [%]

58
67
72

20
24
25

The power did not change remarkably between the three cases in Figure 5.3.
Only small differences can be seen between the plots in Figure 5.4 although the
storage size was rather large in comparison to the results presented in Paper I.
The storages were still too small to store the total excess electricity production
during a summer day.

5.1.3 Self-consumption in the community
The self-consumption over the whole year of the in total ﬁve cases in Figure
5.3 and 5.4 (plot/case a is the same in both ﬁgures) are presented in Table 5.1.
The increment of the self-consumption were moderate with a maximum of 14
percentage points, which can partly be explained by a high initial value of the
self-consumption of 58%.
As can be seen in the Ragone plot in Figure 2.6, there is a tradeoff between available power and stored energy. Due to the smoothing effect when
aggregating consumption data the maximum aggregated overproduction was
smaller than the sum of maximum overproduction in each house. A centralized storage could therefore have a lower power-energy ratio than if smaller
batteries were placed in every building and still keep the same level of selfconsumption.
61

Figure 5.3. Interaction with the power grid each day of the year for the community
without storage (plot a), individual storage (plot b) and shared storage (plot c). Hourly
mean values for a storage of 1 kWh per kWp . Positive = feed-in/production, negative
= feed-out/consumption. Adapted from Paper III.

Figure 5.4. Interaction with the power grid each day of the year for the community
without storage (plot a), individual storage (plot b) and shared storage (plot c). Hourly
mean values for a storage of 2 kWh per kWp . Positive = feed-in/production, negative
= feed-out/consumption. Adapted from Paper III.
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Figure 5.5. Total energy losses due to charging, discharging and curtailment for a
community with individual storage (left) and shared storage (plot b) as function of
storage size and feed-in power limit.

The losses due to charging, discharging and power curtailment for either the
case with individual battery storage for each house (plot a) or one shared storage for the whole community (plot b) are shown in Figure 5.5. The basescenario with no battery storage (red solid line) is the same for both plots. The
highest feed-in power to the grid was 93.7 kW. It can be noted that the total
losses are relatively low, under 10%, if the maximum feed-in power is divided
in half (47 kW). The losses with the community storage are on average lower
than with individual storages.
Furthermore, for a feed-in power higher than approximately 35 kW, the
losses in the scenarios with a battery storage were higher than without a storage due to a combination of curtailment and charging and discharging losses.

5.1.4 Economics of individual versus community energy storage
The yearly proﬁts aggregated for the whole community in Paper III were based
on the PV power production and self-consumption together with the mean
electricity price for households. The self-consumed electricity had the same
value as bought electricity and the sold electricity consisted of the spot market
price and electricity certiﬁcate. The tax deduction (called ‘tax reduction’ in
the paper) was not included, since this would have erased the added value of a
storage.
With a nominal storage capacity of 2 kWh per kW PV capacity, the yearly
income from the PV-battery system increased from e9110 without storage to
e9400 with individual storages and to e9710 with a CES, in both cases without PV power curtailment. The increase in revenue was thus e290 (3.2%) with
individual storages and e600 (6.6%) with a CES. Although these numbers
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were relatively small, the results showed that a CES – if it is possible to have
one – increase both the self-consumption and the proﬁts more than individual
storages. This is in line with the ﬁndings in a review study of CES applications
[139]. Furthermore, it might be less expensive per kWh to install a CES than
individual storages, since only one set of power electronics is needed. These
revenues were however only valid for the ﬁrst period of operation, since the
battery degradation is not taken into consideration. And since the CES will be
used more frequently, it might degrade faster than the individual storages.
The total installed PV power in the community was 109 kW, which gave
nominal storage capacity of 218 kWh with a battery capacity of 2 kWh per
kW PV capacity. An increase of the revenues due to the CES by e600 per
year would give a revenue of e2.8 per year and kWh storage capacity. The
low revenues from the storage is mainly due to three factors: the relatively
low electricity prices in Sweden, the low usage of the storage (often only one
charge-discharge cycle per day), and the low (or no) usage during the winter half year. During the winter, a daily self-consumption of nearly 100% –
depending on the PV system size and the household loads – can be achieved
without a storage due to the low electricity generation and high demand.

5.1.5 Load and generation coincidence
In Paper IV, the load and generation coincidence factors for a community of
ﬁve households were calculated. For this thesis new simulations were performed with ten instead of ﬁve houses (all of the same type). The electric
load and occupancy ﬁles were reﬁned to take the placement of the activity as
well as the occupancy into consideration – for example cooking in the kitchen,
watching TV in the living room and showering in the bathroom. By this, the
heat gains from the persons and activities were taken into consideration in the
simulations and more accurate results could therefore be obtained.
A probability density distribution of aggregated power consumption and
net power consumption in the 10 houses is presented in Figure 5.6. Only the
distributions for the case 1 (base case with only PV) and case 3 (PV and an
actively controlled heat pump), are shown. The ﬁgure shows that the active
control of the heat pumps (case 3) mostly affected the moderate net power to
and from the community, while the probability of high power to and from the
grid was hardly affected by the PV-controlled heat pumps. Cases with battery
storages (case 2) and battery storages and PV-controlled heat pumps (case 4)
were also included in the analyses.
Figure 5.7 shows the average load and generation coincidence factors as
function of the aggregation size for the four cases. The coincidence factors,
the self-consumption and the self-sufﬁciency for all ten households are presented in Table 5.2. By deﬁnition, the load and generation coefﬁcients are
1 for single houses, and thereafter declining when taking several houses into
64

Relative frequency [%]

15

Consumption only (10 houses)
Case 1: PV = yes, HP control = no, Battery = no
Case 3: PV = yes, HP control = yes, Battery = no

10

5

0
-60

-40

-20

to grid [kW]

0

20

40

|

from grid [kW]

60

Figure 5.6. Probability distribution of aggregated power consumption and net power
consumption over the whole year for 10 houses. Steps of approximately 0.55 kW.
Based on the simulation model in Paper IV.
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consideration. The load coincidence factors for 10 houses were highest when
the heat pumps were controlled by the PV power output (case 3 and case 4).
There were no large differences with and without battery storage. The aggregation of the household loads had no effect on the generation coincidence
factor. This was due to the low heating and apparently also the electricity demand in the summer when the PV power production peaked, and fully charged
batteries at noon. To lower the generation coincidence factors, either the battery size (7.2 kWh battery for 6.2 kW PV system) had to be larger or other
household appliances than the heat pumps needed to be shifted.
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Figure 5.7. Load coincidence factor (left) and generation coincidence factor (right) as
function of the aggregation size. Note the different scales on the y-axes.
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Table 5.2. Load coincidence factor, generation coincidence factor, self-consumption
(SC) and self-sufﬁciency (SS) for the community of ten houses.

No PV
Case 1
Case 2
Case 3
Case 4

Load coincidence

Generation coincidence

SC [%]

SS [%]

0.72
0.72
0.73
0.77
0.77

1.00
1.00
1.00
1.00

21
41
35
51

15
29
25
36

There were three important results: Firstly, the aggregated peak power increased if the heat pumps were controlled by the PV power output compared
to when the heat pumps were operated based on the heat loads only. This can
be of interest when sizing the power grid in a community. Secondly, the peak
power to the grid (generation coincidence) was neither affected by aggregating the household generation proﬁles nor by adding a battery storage (case 2
and 4) or controlling the heat pump with PV power production (case 3 and 4).
Thirdly, the increase in both self-consumption and self-sufﬁciency was higher
with the battery storage (case 2) than with PV-controlled heat pumps (case 3).
Even if the self-consumption or self-sufﬁciency increase, the coincidence
factors (power performance) are not necessarily affected to the same extent.
Therefore, when optimizing the energy performance as in the households, i.e.,
self-consumption and self-sufﬁciency, the power performance (for example
the load and generation coefﬁcients) can be negatively affected.

5.2 PV in a distribution grid
This section summarizes the results and ﬁndings presented in the grid integration studies of the Herrljunga distribution grid (Paper V and VI). In the papers,
two different methods for curtailing the PV power to avoid overvoltage were
examined. Since Paper V examined one year and Paper VI four weeks, the
results of the curtailment algorithms cannot be compared directly. Therefore,
a comparison of the models has been added in the end of the section.

5.2.1 Electricity production and consumption
The PV penetration was varied from 0% to 100% of the electricity consumption on a yearly basis to ﬁnd the need of power curtailment and energy storage
(Paper V) and potential to lower the voltage with EV charging (Paper VI). The
PV systems were placed randomly on the available rooftops. Ten runs were
made, which resulted in 100 simulations per paper (10 penetration levels per
run).
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Figure 5.8. Daily (left) and hourly (right) average PV electricity production and electricity consumption in MWh in the studied area. PV electricity covers 50% of the total
electricity consumption on a yearly basis. Adapted from Paper V.

Only rooftop segments with a higher yearly irradiance than 1000 kWh/m2
were considered as suitable for PV installations in Paper V, whereas the limit
was 800 kWh/m2 in Paper VI. This means that there were more suitable rooftops
in Paper VI than in Paper V, resulting in a maximum PV penetration of 160%
and 100%, respectively. With the highest penetration level in Paper V (100%),
each run contained the same rooftops and thus gave the same result. This was
not the case in Paper VI, which means that there was a spread of the results
also for the 100% scenario.
In Paper V, the average daily electricity consumption – without EV charging – in January was 120% larger than in July, whereas the daily PV electricity production was almost 1600% larger in July than in January. This strong
negative seasonal correlation is shown in Figure 5.8. On a daily basis, the correlation was better with slightly higher electricity consumption during the day
than in the night. It can also be noted that the consumption was higher during
weekdays than weekends, and that there are probably 3-4 weeks of holiday in
July.
In Paper VI, two winter and two summer weeks were examined. Simulated EV charging load data was added to the electricity consumption within
the distribution grid. The EV charging load was calculated for every end-user
in the distribution grid depending on the category of the end-users (‘Home’,
‘Work’ and ‘Other’), see Section 4.1.2. Due to increased electricity consumption when driving the cars in the winter, the total electricity consumption for
EV charging was higher in winter than in summer, which can be seen in Figure 5.9. The electricity consumption was increased by 9.3% in the winter
weeks and 17.1% in the summer weeks due to the EV charging. However, the
additional electricity consumption due to EV charging could only marginally
lower the need of power curtailment in the studied distribution grid. This was
because the EV charging and PV power production were mismatched in both
time and location. Furthermore, the reduction in the minimum voltage was
larger in the winter than in the summer due to EV charging, although the volt67
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Figure 5.9. Average daily electric load with and without EV charging load and PV
generation in the winter and summer weeks. From Paper VI.

age reduction was less than 0.01 p.u. and did not result in voltage levels below
the allowed limit (0.90 p.u.).

5.2.2 Storage and power curtailment
To avoid overvoltage, i.e. +10% of the nominal voltage, two different PV
power curtailment algorithms were used, one with ﬁxed feed-in limits in Paper V and one with dynamic feed-in limits in Paper VI, both described in
Section 4.4.2.
Fixed feed-in limit
The PV curtailment losses with the ﬁxed feed-in power limit (Paper V) are
shown in Figure 5.10a and compared to the original PV electricity production
in Fig. 5.10b. Since the PV systems were distributed randomly, the curtailment
losses increased for the scenarios where several PV systems were located close
to each other. At the highest PV penetration level, losses for every simulation
are the same, since they all have the same spatial distribution of PV systems.
With both curtailment methods, no customer/end-user or any other component in the power grid was affected by overvoltage (above 1.10 p.u.). Not only
the overvoltage limit reduced the maximum level of PV power that could be
integrated in the grid, so did also the power rating of the grid components.
For example, the penetration ratio could ‘only’ be slightly less than 40% on
a yearly basis to not exceed the total rated power capacity of the distribution
substations. With the ﬁxed feed-in limit curtailment method, the rated power
of the substations would not be exceeded until the penetration ratio reached
60%, i.e. the 80% scenario without power curtailment. Only a few feeders
were affected by overloading, both with and without curtailment.
In a market outlook and summary for battery prices until 2030, the capital
costs were estimated to be in the range of $263 – $735 per kWh in 2016 and
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Figure 5.10. Total losses in PV electricity production due to power curtailment (a)
and relative to electricity production without power curtailment (b) for 10 simulations
per PV penetration level. Total storage capacity needed to cover all curtailed energy
(c) and curtailed energy as function of relative storage capacity for all 100 (10 × 10)
simulations (d).

for $120 – $330 per kWh in 2030 for high temperature sodium sulfur (NaS)
batteries, which are suitable for grid applications [178]. As an example, the
installation costs for NaS batteries in 2030 would be in the range of $10 –
$40 million (approximately 110 – 440 MSEK1 ) to be able to store all the
curtailed energy at a 50% penetration ratio (Figure 5.10c). When curtailing all
the power, approximately 8 GWh would be wasted (Figure 5.10a). If the value
of PV electricity is set to 1 SEK/kWh, the curtailed PV electricity production
would thus have a value of 8 MSEK per year. If 20% of the energy was allowed
to be curtailed instead of being stored, the required storage capacity would be
reduced by approximately 50% (see Figure 5.10d), or a price range of 55 – 220
MSEK, and a need of curtailing 1.6 GWh (1.6 MSEK) per year. Figure 5.10d
shows that a combination of storage and curtailment could be more attractive
than either of these solutions alone.
Dynamic feed-in limit
The share of all PV systems that had to be curtailed for at least one hour in
Paper VI is shown to the left in Figure 5.11. With the EV charging, these
shares were decreased with less than one percentage point for each PV penetration level, although the relative reduction was relatively large, especially
in the winter (up to 20%). The relative reduction in the PV power genera1 Exchange

rate 14-09-2018: 1 USD = 9 SEK
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Figure 5.11. Share of PV systems affected by curtailment in the winter and in the
summer for scenarios with and without additional EV charging (left) and curtailment
losses relative to the theoretical PV power generation (right). Mean values of and
ranges for 10 simulations with different PV system dispersions per penetration level.

tion due to the active power curtailment is shown to the right in the ﬁgure.
The EV charging did not signiﬁcantly reduce the power curtailment, neither
in the summer nor in the winter. Since the ranges (shaded areas) overlapped
each other, the random distribution of the PV systems affected the curtailment
losses more than the EV charging.
Comparison of the models
There are two important differences between the ﬁxed feed-in and dynamic
feed-in models for PV power curtailment. One is the curtailment losses, where
the model with a dynamic limit (Paper VI) results in lower losses than the
model with ﬁxed feed-in limits (Paper V). The other is the simulation time,
where the dynamic feed-in power model is more time-consuming than the
ﬁxed feed-in power model when simulating for one year. A comparison of
curtailment losses (in GWh and relative to the PV power potential, i.e., noncurtailed) and time-consumption for the models can be found in Table 5.3.
Table 5.3. Feed-in power losses and time-consumption with the ﬁxed feed-in power
model (Paper V) and the dynamic feed-in power model (Paper VI). All simulations covered one year. A: PV penetration level (% of yearly electricity consumption), B: time
consumption of one simulation (hours), C: absolute curtailment losses (GWh), D: relative curtailment losses (% of PV potential).
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A [%]

B [hours]

C [GWh]

D [%]

Fixed feed-in
Dynamic feed-in

50
50

4
23

12
10

26
21

Fixed feed-in
Dynamic feed-in

100
100

4
45

35
26

37
28

As can be seen in the table, the dynamic feed-in model resulted in up to
26% lower curtailment losses for the two PV penetration levels. However, the
time-consumption of the simulations were increased up to 10 times when the
dynamic feed-in model was used. Hence, the total time consumption would
have been long if the dynamic feed-in model were used for the simulations in
Paper V.

5.3 PV in the power system
This section present the ﬁndings in Paper VII about the market diffusion of
PV and PV-battery system and Section VIII about the potential for residential
PV-battery systems to provide primary frequency regulation (PFC).

5.3.1 Market diffusion of PV and battery systems
In Paper VII it was concluded that the self-consumption among the Swedish
households included in the study were on average 16 percentage points (45%
versus 29%) higher than among the German ones for a PV system of 5 kW.
However, the economic beneﬁt of a PV system was signiﬁcantly higher in Germany than in Sweden due to the higher electricity prices, especially the buying
price of approximately 28 e-ct in Germany versus 11 e-ct in Sweden in 2016.
Today, the revenues from a PV system for a micro-producer in Sweden will
be almost unaffected by the self-consumption due to the tax deduction. This
makes the buying and selling price almost the same, which also means that
adding a storage will give no economic beneﬁts. In some cases, the revenues
from a PV-battery system in Sweden can even be lower than from a PV system
without storage due to the charging and discharging losses.
With the market diffusion model described in Section 4.3.1, the base case
for PV systems showed a market penetration of 65% (9.7 million systems) in
Germany and 12% (0.24 million systems) in Sweden in 2040. The penetration
rate for battery systems would be 5% (0.7 million systems) in Germany and
0% in Sweden. A sensitivity analysis is shown in Figure 5.12 and a selection
of the most important parameters in Table 5.4.
The sensitivity analysis showed a much larger spread in the market shares
for PV systems in Sweden than in Germany in 2040. The results for battery
storage were the opposite with larger variations in the future market shares in
Germany than in Sweden, primarily due to the low shares in Sweden even with
the most optimistic scenarios.

5.3.2 PV-battery systems for primary frequency control
The Swedish PV systems reviewed in Paper II produced on average 48% of the
electricity consumption on a yearly basis, i.e. P/L = 0.48. In Paper VIII, two
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Figure 5.12. Market shares for residential PV systems (left) and battery systems (right)
for detached houses in Germany and Sweden. Results for the base cases (solid lines)
and sensitivity analyses (shaded area). From Paper VII.
Table 5.4. Selected sensitivity parameters and corresponding market shares for PV
and battery systems in Germany and Sweden in 2040. From Paper VII.
Market share in 2040

Base case
El. buying price +2%/yr
2% discount rate
1% higher adoption rate

PV systems

Battery systems

SE

DE

SE

DE

12%
64%
63%
17%

65%
70%
70%
78%

0%
4%
4%
0%

5%
54%
40%
8%

PV system sizes were compared: P/L = 0.5 and P/L = 1. The PV systems
with P/L = 0.5 are thus closest to the ones included in Paper II, and therefore
only results for that system size are presented in this summary. The results of
the sensitivity analyses for the 2231 households with PV-battery systems and
either 50% or 100% of historical average PFC prices are shown in Figure 5.13.
The diagrams show the shares of proﬁtable PV-battery systems as functions of
the battery price and desired discount rates.
If all houses were equipped with PV-battery systems and were providing
PFC, the total continuous regulation capacity would be 2.79 MW. The required
capacity for the whole Sweden is approximately 230 MW. As the houses were
assumed to be representative for all Swedish detached houses, 9.4% or 4.7%
of the houses would have to be equipped with PV-battery systems with battery
storage of 2.5 kW/5 kWh or 5 kW/10 kWh, respectively. If the households in
Paper VIII are assumed to be representative for Sweden, the maximum battery prices depend on the discount rates as shown in Figure 5.14. With a
desired discount rate of 5%, the battery prices must be below e200 per kWh
(excluding VAT) to make enough PV-battery systems (2.5 kW/5 kWh) profitable to reach the national average. This is much below the present prices
for stationary storage systems available on the (small) Swedish market, and
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Figure 5.13. Shares of households for which PV-battery systems were proﬁtable. The
prices are excluding VAT. Plot a: 5 kWh battery, 50% PFC prices. Plot b: 10 kWh
battery, 50% PFC prices. Plot c: 5 kWh battery, 100% PFC prices. Plot d: 10 kWh
battery, 100% PFC prices. From paper VIII.
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Figure 5.14. Battery prices (excluding VAT) versus desired discount rates for 2.5 kW/5
kWh (left) and 5 kW/10 kWh (right) to reach the national PFC power requirements of
230 MW. The PV systems were scaled to P/L = 0.5 and the PFC prices were either
100% or 50% or the historical average. From Paper VIII.
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projections until 2030 show a price range global marketplace for lithium-ion
batteries between $290 – $520 per kWh [179]. However, with a lower desired
discount rate, a longer lifetime of the batteries (assumed to be 5 years due to
the frequent use) or higher PFC prices might make residential storages more
proﬁtable.
Important to keep in mind is that with the present minimum bid size of
0.1 MW, an aggregator operating several battery systems as a virtual power
plant is needed. Therefore, the discount rate may need to be split between two
actors – the household and the aggregator.
Even if PV-battery systems are proﬁtable for a desired discount rate, it is
not likely that every household will install such systems. The large investment
cost, uncertainties about future electricity prices and lack of information can
be barriers to install a PV or PV-battery system.
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6. Discussion

In this chapter, the ﬁndings presented in the thesis are put into a broader context and connected to the aims of the thesis, followed by an outlook of the
Swedish PV market and support schemes.
Self-consumption of PV electricity in buildings has become a large research
ﬁeld with many new interesting ﬁndings and solutions to several kinds of challenges as shown in Chapter 3. The number of articles has increased rapidly as
shown by the summary in Paper II. Self-consumption is likely to become an
important market driver globally in the future, especially where grid parity is
reached and subsidy schemes are reduced or removed.
The possibility of self-consuming the produced electricity distinguishes PV
from other electricity sources (except small-scale wind power). This introduces several new challenges and opportunities of electric power generation
in general and PV in particular, which have earlier been of low or no signiﬁcance and interest:
• Do existing policies and regulations need to be changed, for example the
Swedish grid concession (‘nätkoncession’) that prevent PV prosumers
to share electricity between each other (like in Paper III) without paying
fees and taxes?
• How are the business models for stakeholders such as the state, electricity producers and DSOs affected by distributed PV production and
self-consumption?
• How are the electrical distribution and transmission systems affected
by introduction of not only distributed PV production, but also by energy storage and load shifting that are optimized for individual buildings
rather than for the system?
• How do people react when going from ‘passive’ electricity consumers
to active prosumers, and how can the state/society promote behavioral
changes such as time-shifting electric appliances to better follow the PV
power production?
• Can distributed PV and energy storage be used to increase the energy
resilience, for example to reduce the number of local or national power
outages/blackouts, allowing island operation in case of a power blackout
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and assisting in restoring the grid after such an event?
The challenges and opportunities with PV in the power system will also change
with time. For example, in countries with low installed PV capacity (like
Sweden), the focus has often been to make the market grow to get more solar electricity in the electricity mix. As the PV market is getting larger, the
focus might shift towards handling the consequences and making the PV market more independent on subsidies to lower the costs. Challenges with high
penetration of distributed generation can for example be overvoltage and overloading in the distribution grid, lower inertia in the power system [180] and
a higher need of ﬂexible power resources as illustrated with the ‘duck curve’
[181].
Rather than to assess and optimize the ﬁnancial and/or technical potential
for single buildings – which is the purpose in much of the current research
– the common theme in the work presented in this thesis is the system perspective on PV electricity. The ﬁndings are often based on simulations and
assumptions of individuals but thereafter scaled to a system perspective. A
few examples are how battery storages and ﬂexible heat pumps affect the total
power, self-consumption and ﬁnancial conditions for a community of several
houses (Paper III and IV), how distributed roof-mounted PV systems affect
the power grid (Paper V and VI), and how the decisions of individuals affect
the Swedish market of PV and PV-battery systems (Paper VII and VIII).

Perspectives on the results
In Paper III, a community energy storage (CES) was found to increase the
self-consumption and revenues more than using individual storages in each
household. Similar conclusions are drawn in for example [130, 138, 139]. Direct comparisons of the self-consumption increase with other research is not
straightforward, as highlighted in Paper II. The economic performance of the
systems can be easier to compare. The revenues from the community energy
storage in Paper III were to low too make it economically feasible, as was
also concluded in [130]. More promising results in terms of proﬁtability were
found in [138], where a capital subsidy for lithium ion batteries of ‘only’ 10%
were estimated to be needed in 2020 to make a CES cost-efﬁcient. Furthermore, the peak power consumption in a community is lower than the sum of
peaks of several single households. This favors CES, since the discharge rate
of the battery can be lower and still cover the demand, as pointed out in [139].
Controlling the loads to better match the on-site electricity supply as in Paper IV, may increase the peak power consumption on an aggregated levels
since coordinated control reduces the load diversity. This was also highlighted
in [89], although no simulations were made to quantify the load diversity.
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Curtailment of the PV power production to reduce the voltage levels was a
main theme in Paper V and VI. Dynamic feed-in limits, as used in Paper VI,
were shown to lower the curtailment losses compared to ﬁxed-feed in limits.
Similar results were found in for example [57, 60]. The results are however
however difﬁcult to compare, since the models included different assumptions
(for example regarding the margin for the voltage rise as in [60]) and different
grid sizes and properties.
Market diffusion of PV-battery systems has been assessed in, for example,
[126], where more detailed input data were used in comparison to Paper VII.
The households in [126] could for example be divided into different adopter
groups based on their interest in the technology and willingness to pay. In
Paper VII, only the proﬁtability of the investment together with the estimated
adoption rate were used as basis to calculate the future market shares. In
papers such as [125], other drivers to invest in PV systems were identiﬁed, but
no simulations of the future market shares were made. Local factors such as
peer effects (individuals inﬂuencing each other) and organizations promoting
PV were found to be the most important factors for investing in residential PV
systems. In Paper VII, all these factors were modeled by the adoption rate,
which was based on historical market penetration of heat pumps in Sweden.
Directly applying this on PV systems is likely to result in errors, although
both investments can be viewed from an economic point of view, which is
important in order to reach a larger group of people than the innovators and
early adopters.
In [182], it was concluded that households with large batteries (up to 20
kWh) could greatly increase their revenues by offering primary frequency control. Households with small batteries were not able to recover the additional
costs for communication devices that are needed. In Paper VIII, the smaller
batteries (5 kWh) were found to have an higher potential than the larger batteries (10 kWh). The difference mainly depends on the approach of the studies: whereas the focus in [182] was on the economic outcome for individual
households, the focus in Paper VIII was on the aggregated potential for varying battery prices and discount rates. In [182] economic parameters such as the
discount rate and capital costs of the battery and communication devices were
deﬁned for the assessment. In Paper VIII, the results were presented relative
to the capital costs of the storage including required communication devices.
Since the costs of the communication are the same regardless of the storage
size, smaller systems will have a higher price per kWh storage than larger systems, which was not reﬂected in Paper VIII. The battery storage market is still
relatively small and it is likely that the costs will decline fast in the future,
similar to the historical (rapid) cost reductions on the PV market. Therefore,
both approaches can be useful and complement each other: one where the outcomes with current conditions are examined – as in [182] – and another where
the potential relative to future conditions is examined – as in Paper VIII.

77

Perspectives on the Swedish legislation
The current Swedish legislation concerning residential PV electricity and energy storage is contradictory: One the one hand, micro-producers can apply for a tax deduction of 0.60 SEK/kWh for the sold electricity (maximum
30,000 kWh) which makes the buying and selling price very similar, and removes the ﬁnancial incentives for increasing the self-consumption [102, 103].
On the other hand, a direct capital subsidy of 60% (maximum 50,000 SEK) of
the investment costs is given for residential energy storage that is used to increase the self-consumption of renewable electricity [183]. The reason behind
this is probably that they are politically motivated, with the subsidy for energy
storage intended as a trial balloon. Therefore, these subsidies are not unlikely
to be removed or reduced in the future.
The current end date of the subsidy of energy storage is December 31,
2019, although it can get prolonged. The tax deduction is not guaranteed
for speciﬁed period, which means that it can be withdrawn or reduced [102].
As the installations of PV systems – both commercial and residential – are
likely to increase in the future, the cost of the tax deduction and direct capital subsidy (currently 30% for both private persons and companies) for the
state will increase. It can therefore be questioned if the tax deduction will remain at present levels throughout the lifespan of a PV system (25 to 30 years).
However, the revenues from the tax deduction are probably often important
for house owners’ decision to install PV systems, especially when the market reaches beyond the innovators and early adopter groups, and therefore the
deduction should not be removed too quickly. Lessons can be learned from,
for example, Spain, where generous support schemes in 2008 (2718 MW installed) followed by heavy ﬁnancial restrictions in 2009 (44 MW installed)
created a ‘boom and bust’ of the PV installations [184]. This shows that the
ﬁnancial conditions should not be changed to quickly. Also large PV markets like Italy, Greece and Germany have experienced a rapid increase in the
installations during 2009-2012 [5]. This was followed by signiﬁcantly lower
installation rates, although the drops were not as large as in Spain.
In Sweden, there could be a risk that the high capital subsidy – which was
increased from 20% to 30% for private persons in 2018 [106] – creates a boom
in installed PV capacity followed by a decline of the market if/when it is removed or reduced. This is in line with the standpoint of the Solar Energy
Association of Sweden (Svensk Solenergi) [185]. Especially since the prices
of PV modules are likely to fall due to the removed minimum import prices on
Chinese solar cells, it can be questioned if the higher capital subsidy is needed
and durable. Instead, the rules and regulations to install and own PV systems
and sell the electricity should be simpliﬁed, which partly has been made during the last year. An example is the abolished requirement of building permits
for solar energy systems (PV and thermal) on the majority of all buildings in
Sweden [186].
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Furthermore, the tax deduction could follow the German example, where
PV systems are guaranteed ﬁxed feed-in tariffs for the sold electricity for a
longer period of time, but where the level is regularly decreased for new installations [187]. The market conditions for suppliers and the state could thus
be more predictable and reduce the risk of either rapidly increasing costs or
a market decline/collapse. Another advantage of gradually reducing the tax
deduction for new installations is that the difference between the buying and
selling price of electricity would increase, and thus promote increased selfconsumption.

Perspectives on the Swedish PV-battery market
With decreasing PV system prices, better knowledge, simpliﬁed regulation
and the possibility of higher electricity prices, partly as a consequence of the
shutdown of four of ten nuclear power reactors in Sweden during 2015–2020,
the Swedish PV market is expected to grow in the future. The Swedish market for stationary grid-connected battery energy storage systems in buildings
is however unlikely to grow as much as the PV market in the coming decade
if not anything unforeseen happens. The (small) energy storage market would
then be driven by innovators and early adopters – both private persons and
companies. Examples of applications could be battery energy storage for special applications, testing and marketing purposes. Thermal storage in hot water tanks (like in Paper IV) might be more common since the additional investment costs can be low. Also hydrogen energy storage might increase in
popularity, especially if hydrogen vehicles become more popular.
There are several other countries where distributed energy storages are likely
to be of higher importance than in Sweden (at least mainland Sweden), for example on remote islands, in regions with weak power grids and in countries
with high electricity prices or low capacity of regulating power. Especially in
locations where the need of ancillary services is high, such as peak shaving
of the electricity generation or load, frequency regulation, voltage support and
energy shifting, there is a large potential for energy storage solutions. Since
Sweden and the Nordic power system have a large potential for ﬂexible power
and energy services due to the high share of hydro power, the need of additional energy storage is likely to be lower than in several other parts of the
world. The large share of hydro power in the energy system also means that
there are good technical conditions for installation of more PV capacity, especially when the transmission capacity from the northern to the southern parts
are strengthened.
79

Perspectives on possible research topics for the future
Extensions of the work presented in this thesis could be to mix the approaches
and input data used in the papers. In the study of the Herrljunga grid (Paper
V), community-based instead of individual storages could be examined as a
means to decrease the required storage capacity. This would however also
make the simulations more complicated (i.e., to locate where a community
energy storage would be suitable) and probably also more time consuming.
With a community energy storage (CES), the 0.1 MW limit for participating
on the frequency regulating market could be reached without any need of an
aggregator. This could be used to enhance the proﬁtability of the CES in Paper
III. With higher time-resolution of the consumption data (10 minutes in Paper
III versus 1 hour in Paper VIII), both the combined potential of frequency
regulation and self-consumption can be assessed more in detail.
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7. Conclusions

This chapter summarizes the main conclusions of the appended papers in relation to the three aims presented in Section 1.1.

Examining the research on self-consumption and
self-sufﬁciency (Paper I and II)
The literature reviews show that battery systems have a larger potential than
load shifting of household appliances to increase the PV self-consumption
in detached houses. The majority of the research have focused on storage
capacities of 0.5 – 2 kWh per installed kW PV capacity, which resulted in
an increased self-consumption of 11 to 41 percentage points. Load shifting
resulted in an increased self-consumption of 1 to 18 percentage points.
The interest in self-consumption of PV electricity is growing, both in the
research community and in society, and a common terminology is therefore
valuable to be able to ﬁnd relevant information. The review study (Paper I) is
likely to have contributed to the terminology on self-consumption and selfsufﬁciency, based on the number of citations of the paper; 239 in Google
Scholar and 147 in Scopus (as of 02-10-2018).

Solutions for increasing the self-consumption in
buildings and communities (Paper III and IV)
With a battery storage, the self-consumption in a community of several singlefamily buildings with PV systems increased more by using a shared community energy storage instead of individual storages in each household. Batteries
with a capacity of 2 kWh per kWp installed PV capacity increased the selfconsumption by 8 percentage points in a studied community when using individual batteries, and 14 percentage points when all houses shared all batteries.
In a community of ten identical households with PV systems, battery storages and heat pumps, the load coincidence factor increased from 0.72 to 0.77
when the heat pumps were controlled by the PV electricity production. Hence,
while optimizing the energy performance, i.e., self-consumption, in individual
households, the aggregated power performance, i.e., the peak power consumption, was reduced for the whole community. Furthermore, a battery storage
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increased both the self-consumption and the self-sufﬁciency more (20 and 14
percentage points, respectively) than by actively controlling the heat pumps to
better match the PV power production (14 and 10 percentage points, respectively). This is in line with the ﬁndings in Paper II.

Integration of distributed PV in distribution grids and in
the power system (Paper V – VIII)
Power curtailment of PV systems is an effective solution to avoid overvoltage
in a distribution grid with high shares PV electricity. With a PV electricity
potential of 100% of th electricity consumption on a yearly basis, approximately 28% of the potential PV electricity production has to be curtailed to
avoid overvoltage. If energy storage is available in the power grid, it might be
better not to size the storages to cover 100% of the overproduction from the
PV systems, since high net power, i.e., production minus consumption, might
be rare. Instead, a mix of energy storages and PV power curtailment might be
more valuable.
Additional electricity consumption, for example from EV charging, in the
grid reduces the risk of overvoltage due to high installed PV capacity. However, EVs could only lower the need of power curtailment with less than one
percentage point in the studied distribution grid due to mismatch of the PV
power production and EV charging both in time and location. The reduction
in the minimum voltage was larger in the winter than in the summer due to EV
charging, but the voltage levels never fell below the allowed limit (0.90 p.u.).
The two models for power curtailment, one with ﬁxed feed-in limits and
one with dynamic feed-in limits, can be used to study the impact of high PV
penetration in small as well as large distribution grids. The dynamic feed-in
model results in lower curtailment losses than the ﬁxed feed-in model, but is
more time consuming.
The market diffusion of residential PV systems in Sweden is estimated to
be low relative to in Germany, mainly due to low electricity prices. In the base
scenario without increasing electricity prices and no dedicated subsidies for
PV electricity, around 12% of the studied detached houses were estimated to
have installed PV systems by 2040. The market diffusion of battery systems
in Sweden is estimated to be almost non-existent in the coming years, mainly
due to the low difference between selling and buying prices for electricity.
The proﬁtability of residential battery systems can be increased by offering ancillary services such as frequency regulation. This could increase the
installations of battery systems in Sweden. In Sweden, 230 MW of primary
regulation is needed every hour of the year. If roughly 9.4% of Swedish singlefamily buildings would have battery storages of 2.5 kW/5 kWh each that could
be used for primary frequency regulation, this requirement would be met.
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8. Sammanfattning på svenska

Under de senaste tio åren har den globala installerade solcellseffekten ökat
med nära 5000 % till 403 GW installerad effekt i slutet av 2017. Det gjorde att
solel stod för omkring 2.1 % av den totala elproduktionen. I toppen låg Honduras med 13 % följt av Grekland, Italien och Tyskland med drygt 7 % solel
i elmixen. Framför allt Kina har dock tagit över rollen som marknadsledare
från Europeiska länder under de senaste 5 åren. I Sverige har utvecklingen
inte kommit lika långt – solel utgjorde omkring 0,2 % av den svenska elmixen
under 2017. Den totala installerade solcellseffekten har dock ökat snabbt med
en tillväxt på 50-80 % per år sedan 2010.
El från solen medför både fördelar och utmaningar. Solcellsanläggningar
kräver i regel lite underhåll och livslängden för solcellsmodulerna är minst 25
år. När solcellerna väl är på plats är elproduktionen i stort sätt gratis, vilket gör
att den kan konkurera ut elproduktion med högre variabla kostnader. Dessutom kan solceller användas ut marknadsföringssyfte eftersom en stor del av
befolkningen ofta är positivt inställda till solceller. Det som skiljer solel mot
annan typ av elproduktion är att solel kan produceras i direkt anslutning till
byggnader. Det gör att bland annat att behovet av att köpa el minskar. Överföringsförlusterna i elnätet kan dessutom minska om andelen solelproduktion
är låg eller måttlig. Med en hög andel solel kan dock problem uppstå i elsystemet, bland annat med förhöjda spänningsnivåer hos kunderna. Det ﬁnns
ﬂera olika tekniker tillgängliga för att lösa dessa problem, bland annat energilagring av överskottsproduktionen i batterier.
En anledning till den skiftande installationsgraden mellan länder är de nationella stödsystemen. De har tidigare behövts, och i ﬂera länder behövs de
fortfarande, för att göra solel konkurrenskraftig jämfört med annan elproduktion. Sverige har sedan den 1 januari 2015 en skattereduktion för förnybar
el som innebär att mikroproducenter får en reduktion av skatten på 60 öre
per kWh solel som matas in på elnätet. Detta tillkommer utöver det vanliga försäljningspriset som kunderna kan avtala om med ett elhandelsbolag.
Dessutom ﬁnns både ett stöd på 30 % av de totala investeringskostnaderna för
solcellssystem och elcertiﬁkat för nybyggd förnybar elproduktion.
När stödsystemen avvecklas eller stödnivåerna reduceras – vilket har skett
i många länder runtom i världen – blir det mer lönsamt för prosumenter (producerande elkonsumenter) att ersätta köpt el med solel som används direkt i
huset. Detta kallas egenanvändning (self-consumption) av solel. På så sätt
får den egenanvända elen samma värde som priset för att köpa el. Värdet av
egenanvänd el minskar om det ﬁnns ekonomiska stödsystem för såld solel. I
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dagsläget gör framför allt skattereduktionen att ökad egenanvändning inte får
någon ekonomisk betydelse då sälj- och köppriset blir i princip detsamma. Det
kan dock komma att ändras i framtiden om solel blir vanligare i det svenska
kraftsystemet.
I denna avhandling utvärderas möjligheterna och utmaningarna med ökad
egenanvändning av solel från takmonterade solcellssystem på småhus samt
dess inverkan på kraftsystemet. Även egenförsörjning (self-sufﬁciency), det
vill säga hur stor del av elförsörjningen som kan täckas av egenanvänd solel,
har studerats. Ökad egenanvändning av solel kan åstadkommas genom att:
• Vinkla solcellspanelerna åt öster eller väster vilket ökar produktion på
morgonen eller på kvällen och minskar produktionen mitt på dagen jämfört med söderorienterade solpaneler. Däremot minskar årsproduktionen
av solel och ofta även egenförsörjningen.
• Lagra el i energilager, främst batterier och varmvattenberedare, från perioder med hög solelproduktion mitt på dagen till kvällen och natten då
el- och värmebehovet i hushållet är högt och solelproduktionen låg eller
obeﬁntlig.
• Tidsförskjuta elektriska laster som till exempel tvättmaskiner eller värmepumpar till tider då produktionen från solcellerna är hög.
• Byta ut icke-elektriska mot elektriska system, till exempel bensin- eller
dieselbilar mot elbilar eller bränslepannor mot värmepumpar.
Framför allt batterilagring av solel i byggnader har studerats, men även värmepumpar och elbilsladdning i en artikel vardera. Avhandlingens resultat kan
delas in upp mellan byggnads- och kraftsystemnivå.

Solel och egenanvändning i byggnader
Antalet publikationer globalt i vetenskapliga tidsskrifter som tar upp egenanvändning och egenförsörjning av solel har under de senare åren ökat snabbt.
Framför allt har batterier för lagring av överskottsel utvärderats men till viss
del även lastförskjutning. Resultaten av litteraturstudierna visar att batterilager har större möjligheter att öka egenanvändningen och egenförsörjningen
än vad lastförskjutning har.
Studier av batterilager i småhus i samfälligheter visar att det vore mer effektivt – sett till utnyttjandegradav batteriet – att ﬂera småhus med solceller delar
på ett större batterilager än att varje hus har sitt eget batterilager. Batterilager
skulle även kunna användas till annat än att enbart öka egenanvändningen.
Det skulle till exempel kunna vara att bidra med effekt till frekvensregleringen
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i det nordiska elnätet. Om regelverket skulle ändras till att tillåta detta skulle
intäkterna från ett batterilager kunna höjas.
En elektrisk last som lämpar sig väl för tidsförskjutning är värmepumpar
kopplade till varmvattenberedare. Temperaturbufferten i varmvattenberedaren
och ibland även husets termiska tröghet kan då utnyttjas som ett energilager.
I de fall då värmepumpen styrs av tillgången på solel optimeras styrningen
av värmepumpen för att öka egenanvändningen i den byggnad där den ﬁnns
installerad. Om ﬂera byggnader i ett område har värmepumpar med samma
styrschema kan det leda till att ﬂera slår på och stänger av samtidigt, vilket
minskar utjämningen av elanvändningen (sett till total effekt i Watt) i ett bostadsområde som annars hade funnits. Det kan leda till att det lokala elnätet behöver förstärkas för att klara de högsta topparna i elanvändningen i ett bostadsområde.

Solel och energilager i kraftsystemet
En metod för att integrera mer solel i elnätet utan att överskrida tillåten spänningsnivå (+10 % av normalspänningen) är att begränsa uteffekten från solcellsanläggningar när elnätet är nära överbelastning. Två simuleringsmetoder
för effektbegränsning har utvecklats och studerats inom ramen för detta doktorandprojekt. Den första metoden beräknar maximala inmatningseffekter för
varje anläggning beroende på bland annat kapaciteten i det lokala elnätet och
hur många solcellssystem som ﬁnns i närheten. I den andra metoden begränsas uteffekten från varje solcellsanläggning beroende på den lokala spänningen. Den första metoden går snabbare att simulera än den andra metoden,
men resulterar i att mer solel går förlorad i effektbegränsningen ("power curtailment"). Metoderna användes på ett elnät med drygt 5000 kunder. Resultaten visar att modellerna förhindrar överspänningsproblem även med en
mycket hög andel solel i nätet. Effektbegränsning skulle även kunna kombineras med energilager, och de två metoderna kombinerar varandra väl då de
högsta effekttopparna – som försvinner av effektbegränsningen – är relativt få.
En ökad egenanvändning av solel gör att mindre behöver skickas ut på elnätet
och därigenom minskar behovet av effektbegränsning.
Även påverkan av elbilsladdning i elnätet har undersökts. Även om 100 %
av bilﬂottan var eldriven, och därmed elförbrukningen högre, påverkades behovet av effektbegränsning av solcellerna enbart marginellt av det extra elbehovet i det studerade elnätet. Det har att göra med att elbilsladdningen och
solelproduktionen, särskilt i ett kombinerat stads- och landsbygdsnät, inte är
matchade i rum och tid.
Vidare undersöktes även möjligheten att använda kombinerade solcellsanläggningar och batterilager i småhus som resurs för frekvensreglering av det
nordiska elnätet istället för till enbart egenanvändning. Frekvensreglering används för att balansera elproduktion och elkonsumtion i ett synkront elsystem,
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varav primärreglering har kortast responstid. Resultaten visar på att hela det
svenska behovet av primärreglering kan täckas av batterilager kopplade till
solceller om drygt 9 % av småhusen i Sverige skulle ha batterier med 2.5 kW
effekt och 5 kWh lagringskapacitet. Batteripriset behöver vara under 500 Euro
per kWh (2500 Euro för 5 kWh) exklusive moms för tillräckligt många system
i Sverige ska vara lönsamma för att nå denna nivå.

Slutsats
Sammantaget visar studierna att det ﬁnns goda möjligheter att integrera stora
mängder solel i kraftsystemet. Åtgärder så som energilager, ökad egenanvändning eller effektbegränsning behövs dock vid en stor utbyggnad av solelskapaciteten. Energilagring i batterier i bostäder är i dagsläget inte lönsamt
i Sverige, men om stödsystemen för solel och investeringskostnaderna förändras i framtiden kan de komma göra att lönsamheten av energilager ökar. Om
energilagret kan delas mellan ﬂera fastigheter eller användas för andra tjänster
vid sidan av att öka egenanvändningen, kan lönsamheten ökas och leda till att
marknaden för energilager växer.
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