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Who's the more foolish, the fool or the fool
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Abstract 

The traditional energy system as we know it today will change in the future. 
There is a worldwide concern about the global warming situation and there are 
different actions implemented to limit the consequences from, mainly, the use 
of fossil fuels.   

In this thesis, multi-unit apartment buildings have been simulated according 
to how the global CO2 emissions change when different energy efficiency 
measures are implemented. The simulated buildings have also been used to 
investigate how the calculated energy efficiency of a building according to 
Swedish building regulations varies depending on which technology for heat-
ing is used in the building and if the building has a solar PV installation or solar 
thermal system. When the energy efficiency of a building is calculated accord-
ing to Swedish building regulations, this thesis shows that heat pumps are a 
favored technology compared to district heating. Another result is that electric-
ity use/production within the investigated district heating system is the most 
important factor to consider when minimizing global CO2 emissions. 

This thesis also investigates how the configuration of electric meters owned 
by the distribution system operator affects the monitored amount of self-con-
sumed and produced excess electricity. Finally, four local low-voltage distri-
bution networks were simulated when a future charging scenario of electric 
vehicles was implemented.  

If a single-family house installs a solar PV installation, this thesis reveals 
that the configuration of the electric meter is important for the monitored 
amount of self-consumed electricity. This thesis also shows that the investi-
gated low-voltage distribution networks can handle future power demand from 
electric vehicles and a high share of solar PV installations, but rural low-volt-
age distribution networks will need to be reinforced or rebuilt to manage the 
investigated future scenarios.  

 
 
Keywords: primary energy, energy efficiency, district heating, building regu-
lations, electric meter, low-voltage distribution networks, electric vehicles 

 



 

Sammanfattning 

Det traditionella energisystem som vi är vana vid idag kommer att förändras i 
framtiden. Oron för växthuseffekten och dess konsekvenser medför att olika 
åtgärder genomförs, framförallt för att minska koldioxidutsläppen från fossila 
bränslen. 

I denna avhandling har flerfamiljshus simulerats med avseende på energi-
användningen när olika energieffektiviseringsåtgärder implementeras. Resul-
tatet av förändringarna i globala koldioxidutsläpp har sedan beräknats för de 
olika energieffektiviseringsåtgärderna. De simulerade resultaten har även an-
vänts för att analysera hur en byggnads energieffektivitet enligt Boverkets 
byggregler varierar med olika uppvärmningssätt och om byggnaden har en sol-
värme- eller solcellsanläggning installerad. 

Denna avhandling visar att värmepumpar favoriseras jämfört med använd-
ning av fjärrvärme när en fastighets energieffektivitet beräknas enligt Bover-
kets byggregler. Samtidigt visas att den viktigaste åtgärden för att minska de 
globala koldioxidutsläppen är att minska elanvändningen eller att öka elpro-
duktionen lokalt inom det studerade fjärrvärmeområdet. 

Avhandlingen undersöker också hur konfigureringen av kundens elmätare 
i elnätet påverkar den uppmätta andelen egenanvänd och överproducerad el. 
Slutligen har fyra lokala lågvoltsnät simulerats då ett framtida scenario för 
laddning av elfordon adderats till fastigheternas nuvarande elanvändning.  

Resultaten visar att om en villafastighet installerar en solcellsanläggning så 
påverkar konfigureringen av kundens elmätare den uppmätta andelen egenan-
vänd och överproducerad el och skillnaden kan vara relativt stor. Avhand-
lingen visar också att delar av lågvoltselnätet klarar en stor andel elfordon och 
en hög andel solcellsanläggningar men att landsbygdsnätet behöver förstärkas 
för att klara den ökade lasten i de antagna scenarierna. 

 
 

Nyckelord: primärenergi, energieffektivitet, fjärrvärme, byggregler, elmätare, 
elnät, elfordon 
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1. Introduction 

The traditional energy system as we know it today will change in the future. 
There is a worldwide concern about the global warming situation and there are 
different actions implemented to limit the consequences from, mainly, the use 
of fossil fuels. This can be done by e.g. replacing fossil fuels in the transport 
sector with fuels produced by renewable energy sources and by using energy 
more efficiently.  

A future sustainable energy system with a high share or 100% of renewable 
systems typically consists of intermittent renewable energy sources such as 
solar and wind power combined with geothermal energy and residual resources 
such as waste and biomass [1]. Residual resources can be expected to be 
scarcer in the future due to alternative demands such as use of biomass for 
producing fuels for the transport sector and an increased use of cellulose-based 
materials.   

Building energy use currently account for approximately 40% of the global 
energy consumption [2]. Significant energy savings can be achieved in build-
ings if they are properly designed, constructed and operated. New construc-
tions are commonly regulated by some kind of national requirements where an 
efficient use of energy is prioritized.  

Europe had a housing shortage after the Second World War which led to a 
boom in building construction in many European countries where the energy 
efficiency of the buildings was not prioritized. Since buildings are constructed 
to last for a long time, countries with a low building rate, e.g. Sweden, have a 
building stock consisting of mostly older buildings. Therefore, one of the chal-
lenges in the building sector is to move the existing building stock towards 
low-energy standards with a low impact on global CO2 emissions. 

The energy system has a similar challenge. Parts of the world have an en-
ergy system that is rather old and the system is adapted to past requirements 
and expectations. A future smart energy system requires a rethinking and re-
designing of the energy system from the generation side to the consumption 
side where smart electricity grids, smart district heating (DH) and cooling 
grids, smart gas grids and other fuel infrastructures interact in a coherent en-
ergy system [3,4].  

Within the European Union, the EU has set targets for 2020 and 2030 as 
part of its long-term energy strategy. These targets cover emissions reduction, 
improved energy efficiency, and an increased share of renewables in the EU’s 
energy mix. EU has also developed an Energy Roadmap for 2050, in order to 
achieve its goal of reducing greenhouse gas emissions by 80-95%, when com-
pared to 1990 levels, by 2050 [5–7]. 

The year 2050 can be perceived as far away but to manage the necessary 
changes in the energy system, greater political ambitions and a greater sense 
of urgency are required [5]. Due to the long life span of buildings and other 
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parts of the energy system, decisions being taken today are already shaping the 
energy system of 2050. 

Motivation of this thesis 
When the necessary changes in the energy system are implemented, it is im-
portant that different laws and regulations work as intended to lead the devel-
opment in the planned direction. When new technologies are introduced in the 
energy system, the surrounding infrastructure has to change to adapt to the 
changes.  

One example is the possible large-scale introduction of electric vehicles 
(EVs) and solar photovoltaic (PV) installations. When EVs are charged, over-
current and low-voltage situations can cause issues locally at the end-users or 
if several vehicles are charged, the accumulated increased power use can cause 
issues in different parts of the power network. The same applies for PV instal-
lations, when the PV installations produce power back into the power network, 
overvoltage situations can occur. Another example is the introduction of heat 
pumps. If a building installs a heat pump, another energy source for heating is 
replaced and the energy system is changed. The resulting change in e.g. global 
CO2 emissions can be difficult to evaluate. 

The energy system needs to change in the future and probably rather 
quickly. This thesis focuses on adding knowledge to some of the future chal-
lenges and contributes to a better understanding of consequences when differ-
ent energy efficiency measures (EEMs) are introduced in the built environ-
ment, especially in Sweden. 

Objectives 
The first objective in this thesis is to extend the knowledge from earlier re-
search about how global CO2 emissions change when different EEMs are im-
plemented in buildings that use heat delivered by a district heating system 
(DHS) for space heating and domestic hot water.  

The second objective is to investigate how the Swedish building regulation 
(BBR) are designed according to the regulation of calculated energy efficiency 
of a building when different heating systems are used. The third objective is 
how the configuration of the electric meter owned by the distribution system 
operator (DSO) affects the monitored amount of self-consumed electricity 
when buildings have PV systems installed and how the configuration can affect 
the building owners.  

The final objective is to investigate how the low-voltage distribution net-
works can manage a future load of EVs when different charging strategies are 
used by the end-users and if there is a high share of PV installations. Those 
objectives can be summarized into four specific research questions (RQ) in-
vestigated in this thesis: 
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RQ1: What is the difference in global CO2 emissions if heat or electricity is 
saved in a building which uses heat from a DHS with a high share of 
industrial waste heat and combined heat and power (CHP) plants? (Pa-
per I) 

RQ2: What is the difference in calculated energy efficiency for a building 
with different heating systems according to BBR, and do the buildings 
with highest calculated energy efficiency have the lowest global CO2 
emissions when different technologies for heating are used? (Paper IV) 

RQ3: How does the configuration of the electric meter owned by the DSO 
affect the monitored amount of self-consumed electricity for a building 
with a PV installation? (Paper II and Paper III) 

RQ4: How are the low-voltage distribution networks prepared for a future 
high share of EVs and PV installations and how does the charging strat-
egy used by the end-users affect the power demand in the distribution 
networks? (Paper V) 

Research process 
This thesis is based on five papers where different methods have been used to 
reach the objectives. Multi-unit apartment buildings have been simulated to 
investigate how different EEMs affect the use of energy. The simulated 
changes in energy use due to the EEMs have been used to evaluate how the 
global CO2 emissions change for different heating technologies and when the 
use/production of electricity changes.  

The simulated results have also been used to analyze how the calculated 
energy efficiency of a building according to BBR varies depending on which 
technology for heating is used in the building and if the building has a PV 
installation or solar thermal (ST) system.  

To investigate how the configuration of electric meters affects the moni-
tored amount of self-consumed and produced excess electricity, the electricity 
use of a single-family house and two multi-unit apartment buildings were mon-
itored and the electricity production was both monitored and calculated for dif-
ferent PV system sizes.  

Finally, four local low-voltage distribution networks were simulated when 
a future charging scenario of EVs was implemented. The voltage and current 
levels were investigated when different charging strategies for the EVs are 
used but also when there is a high share of PV installations at the end-users. 
The different research processes are summarized in Table 1. 
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Table 1. A summary of the research processes used in the appended papers. 

  

 P
ap

er I 

 P
ap

er II 

 P
ap

er III 

 P
ap

er IV
 

 P
ap

er V
 

Building energy simulation X     X   

Simulation of PV production   X X  

Monitoring of PV production   X X     

Calculation of PV production X X   X 

Monitoring of electricity use   X X     

Evaluation of global CO2 emissions X   X  

Evaluation of primary energy use       X   

Simulation of low-voltage distribution networks     X 

Summary of appended papers and author contribution 
This section gives a brief summary of appended papers and stating the author´s 
contribution to the work. 
 
Paper I 
In this paper, the change in global CO2 emissions was investigated when dif-
ferent EEMs were implemented in a multi-unit apartment building connected 
to the DHS in Gävle, Sweden. The different EEMs were simulated and the 
resulting changes in global CO2 emissions due to the changes in energy use 
were evaluated by investigating the changes in use of fuel in the different pro-
duction units in the DHS and their CO2 emissions. The CO2 emissions for the 
alternative production of electricity in the power network when local produc-
tion/use of electricity is changed were also included in the evaluation. 

The results show that the use of electricity in the building is the most im-
portant factor to consider for low global CO2 emissions when EEMs are intro-
duced in buildings which use heat from the DHS in Gävle. The DHS in Gävle 
has industrial waste heat as the base load and CHP plants cover large parts of 
the intermediate load. The DHS in Gävle also has a very low fraction of fossil 
fuels in the energy mix. 

The author did all simulations and calculations together with most of the 
writing including figures and tables. 
 
Paper II 
This paper evaluates how the principal function of bi-directional electric me-
ters affects the monitored amount of self-consumed and produced excess elec-
tricity for buildings with a PV installation and where the buildings are con-
nected to all three phases to the power network. One single-family house and 
two multi-unit apartment buildings were investigated, situated in or close to 
Gävle, Sweden. 
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The results show that the configuration of the electric meter affects the mon-
itored amount of self-consumed electricity significantly for the investigated 
single-family house but is negligible for the investigated multi-unit apartment 
buildings.  

The author did all monitoring and calculations together with most of the 
writing including figures and tables. 
 
Paper III 
This paper puts Paper II in context and different PV system sizes were inves-
tigated for the investigated single-family house. The difference in minute-
based monitored data and hourly monitored data was also investigated when 
the amount of self-consumed electricity is predicted. 

The results show that when the amount of self-consumed electricity is mon-
itored, a low time-resolution and the different electric meter configurations can 
result in a 60% lower amount of self-consumed electricity than predicted with 
hourly data for the investigated house. This paper also shows that the amount 
of produced excess electricity is significant for a small PV installation. When 
fairly large PV systems are installed, the majority of the produced electricity 
is exported to the power network, even if the configuration of the electric meter 
is sum measurements of phases. 

The author did all the calculations together with all writing including fig-
ures and tables. 
 
Paper IV 
This paper investigates how the numerical indicator for how energy efficient a 
building is, the primary energy (PE) number, according to the Swedish pro-
posal for nearly zero energy buildings differs for a building with different tech-
nologies for heating. The different technologies for heating is also combined 
with a PV or ST system. The global CO2 emissions for the different technolo-
gies were also investigated. 

It is concluded in the paper that the calculated PE number is lowest for a 
building that uses a heat pump system for heating, but the global CO2 emis-
sions are lowest when DH is combined with a PV system when the DHS uses 
a majority of biofuels and produces electricity in CHP plants.  

The author did all calculations of global CO2 emissions together with most 
of the writing including all figures and tables. The author did not simulate the 
building or writing the text about recommended PE factors. 
 
Paper V 
In this paper, four local low-voltage distribution networks were investigated 
according to how they can manage the future load with a high share of EVs. 
The voltage and current levels were simulated for different charging strategies 
when an electric vehicle home-charging pattern was added to the monitored 
electricity use at the end-users within the investigated area. The increased volt-
age levels during summer were also investigated for a high share of PV instal-
lations. 
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This paper shows that the investigated city-based distribution networks can 
manage the additional charging load for the home-charging pattern used and 
the different charging strategies investigated. The investigated rebuilt rural net-
work can manage the load from a majority of the charging strategies with some 
reinforcement but the investigated older rural network cannot manage the ad-
ditional load and will need to be rebuilt. It is also shown that the voltage levels 
remain within acceptable levels for the city-based and rebuilt rural networks if 
the end-users install PV systems. 

The author did the simulations on the low-voltage distribution network to-
gether with most of the writing including figures and tables. The author did not 
simulate the home-charging pattern. 

Limitations and uncertainties 
All papers included in this thesis are based on case studies or investigations 
made within a limited geographical area to study the objectives. This increases 
the possibilities for uncertainties, as only one building is simulated or moni-
tored and that one building or limited area can have conditions that differ from 
other buildings or geographical areas.  

The simulated use of energy has been verified by comparing the energy use 
with similar buildings in the same local area but similar buildings can have 
different characteristics for the use of energy due e.g. to the energy behavior 
of the tenants. Therefore it is difficult to verify the accuracy of the different 
simulations by comparison. If the annual use of energy is compared between a 
simulated and an actual building, there might also be differences in seasonal 
use of energy that affect the global CO2 emission calculations. The same ap-
plies when the calculated or monitored amount of PV produced electricity is 
compared on an annual basis. There might be seasonal differences not apparent 
with an annual comparison.       

When the low-voltage distribution networks were analyzed, only distribu-
tion networks owned by one company was investigated. This also increases the 
uncertainties since it is difficult to draw conclusions and translate them into 
similar distribution networks built by other companies. There may be different 
design philosophies for constructing or reinforcing the networks and different 
local variations can have an influence, e.g. that different parts of Sweden have 
a different population density.  

Also, only the distribution network from the distribution transformers to the 
end-users is investigated in the paper. When there are large loads introduced, 
such as charging of several EVs or a high share of PV installations at the end-
users, the power system upstream of the distribution transformer can be af-
fected resulting in changes in voltage levels in nearby distribution transform-
ers. This was not simulated and is therefore an uncertainty.  

When the charging strategy is to charge when lowest electricity spot price 
occurs, historical spot price values were used and no increase in spot price due 
to an increased use of electricity was assumed.  
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2. Background 

The energy use in the world and in the European Union 
Access to energy is the foundation for development all over the world and fos-
sil fuels have been the dominant energy source since the industrial revolution. 
Energy use in the world increased by almost 50% between 1990 and 2014. 
Fossil fuels are the most commonly used energy source and constitute 81% of 
the energy use in the world. Nuclear power corresponds to 5% and renewable 
energy to 12%. The energy use in the European Union is similar. In 2013, there 
was a large share of fossil fuels (71%), nuclear power accounts for 14% and 
renewable energy for 13%  [8,9].  

Fossil fuels have some advantages compared to other energy sources: they 
are easily available all over the world, they are easily combustible and contain 
a high energy density. This entails possibilities to transfer large quantities of 
energy quickly, e.g. to fill up fuel tanks in vehicles. It is also easy to store fossil 
fuels and they are available at a fairly low price.  

The energy use in Sweden 
In the first half of the twentieth century in Sweden, hydropower plants were 
built, mostly in the northern part of Sweden. During the mid-twentieth century, 
nuclear power plants were constructed, mostly in southern Sweden. In 1948, 
the first DHS were built in Sweden and more cities started to build their own 
systems, often supplied by CHP plants to produce both heat and electricity. 
Today, DHS are used all over Sweden [9,10]. 

Between 1965 and 1975, there was a large housing program where new 
single-family houses and multi-unit apartment buildings were built to provide 
a modern living standard to a growing population. New areas close to town 
centers were often used for these housing programs and oil or DH were the 
most common source for heating in apartment buildings. In single-family 
houses, electricity or oil was most common. Due to the oil crisis in 1973 and 
1979 together with the introduction of nuclear power in Sweden, oil became 
expensive and electricity cheaper and boilers using oil were commonly 
changed to DH in multi-unit apartment buildings while electricity became the 
most common energy source for heating in single-family houses [9,10].  

The large share of hydropower and nuclear power contributes to an elec-
tricity power system almost free from fossil fuels in Sweden. The transport 
sector almost exclusively uses fossil fuels [9]. The energy use in Sweden dif-
fers from the world and EU average. The final energy consumption in Sweden 
2015 was 370 TWh (international transportation is not included). The energy 
use is divided into three sectors where industry used 140 TWh, residential, 
service, etc. 143 TWh and transport 87 TWh. A Sankey diagram for the final 
energy use in Sweden in 2015 is presented in Figure 1 [9]. 
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Figure 1. A Sankey diagram for final energy use in Sweden in 2015 

Sweden is a country in the northern hemisphere where temperatures reach -20 
degrees Celsius or lower during winter in most parts of the country. This entails 
that the use of energy is strongly connected to the ambient temperature. Cool-
ing systems are common in industrial and commercial buildings, offices, etc., 
but uncommon in residential buildings (both single-family houses and multi-
unit apartment buildings).   

Buildings contribute to almost 40% of the energy use in Sweden [9] and the 
energy is used for space heating, domestic hot water supply, electricity used 
by homeowners or tenants, and electricity for building services. Electricity for 
building services is necessary for the use of the building, such as lighting in 
shared spaces, pumps and fans, etc.  

Statistics for single-family houses, apartment buildings and non-residential 
premises for 2015 show that DH is the dominant source for heating (59%). The 
second largest source is electricity (24%), which includes electricity for oper-
ation of heat pumps. Electricity is most common in single-family houses where 
electricity contributed 45% of required heat demand. For multi-unit apartment 
buildings DH contributed to 92% and electricity 6%. In non-residential prem-
ises DH contributed 80% of the required heat demand. Figure 2 presents the 
sources for heating in single-family houses, multi-unit apartment buildings and 
non-residential premises [9]. 
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Figure 2. The energy source for heating in single-family houses, multi-unit apartment 
buildings and non-residential premises in Sweden. 

Swedish regulations for energy use in buildings 
The Swedish building regulation, BBR [11], applies when you build a new 
building and when you alter an existing building. BBR consists of details on 
how to fulfill technical characteristics of construction works and details on how 
to fulfill the design requirements of buildings. One of the chapters in BBR is 
energy management where requirements and methods to validate the energy 
efficiency are presented. In the current BBR, a PE number is calculated for the 
buildings and is used as the main requirement for how energy efficient the 
buildings are. The PE number is defined as in Equation 1 [11]. 

 

	

,
, , ,

 

 

Equation 1 

Where: 
 

PE number =  Primary energy number (kWhprimary energy/m
2

, year) 
Eheat =  Energy used for heating (kWh/year) 
Fgeo =  Geographic correction factor (between 0.9 and 1.6) 
Ecool = Energy used for cooling (kWh/year) 
Edhw = Energy used for domestic hot water (kWh/year) 
Eel = Electricity used for building services (kWh/year) 
PEi = Primary energy factor for energy carrier “i”  
 (kWhprimary energy/kWhheat or electricity) 
Atemp = Heated floor area of the building, heated to more than 10°C 
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Note that Eel is the bought or used amount of electricity. Electricity produced 
by PV systems or similar small-scale producers which is exported as excess 
electricity is not counted when the PE number is calculated. The six primary 
energy factors used in the current BBR are presented in Table 2 [11].  

The requirement for energy efficiency in buildings will be increased, and in 
2021 new PE factors will be used. There is an ongoing discussion about the 
future PE factors in Sweden but in a referral from Boverket in March 2018, the 
proposed new primary energy factors were presented. The proposed new PE 
factors to be used in 2021 are also presented in Table 2 [12]. 

Table 2. The PE factors used in current BBR and the PE factors proposed to be used 
after 2020. 

Energy carrier (1-6) Current PE factors (PEi) Proposed new PE factors (PEi) 

Electricity (PEel) 1.6 1.85 

DH (PEDH) 1 0.95 

District cooling  1 0.62 

Biofuels 1 1.05 

Oil 1 1.11 

Gas 1 1.09 

 
When a building is built or altered, the calculated PE number should be verified 
and it is recommended in BBR that this is performed by monitoring the energy 
use of the building. If the building is not fulfilling the requirements in BBR, 
e.g. if the PE number is too high, the building owner can be obligated to im-
plement actions to fulfill the requirements [13].   

District heating systems  
DHS are characterized by heat production plants distributing heat in a network 
of pipes to the customers. Steam was the initial heat carrier in DHS but today, 
water is the most common heat carrier in Europe [14].  

The hot water (or steam) is distributed in pipes to the customers, commonly 
underground, and when the hot water reaches the building, heat is transferred 
through one or more heat exchangers to the space heating system, the domestic 
hot water system, or for other purposes such as industrial processes. Figure 3 
presents a schematic picture of how a DHS can be built. 
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Figure 3. A schematic picture of how a DHS can be built with a CHP plant, industrial 
waste heat and the customers. Published with permission from Gävle Energi AB. 

One of the main benefits of DHS is the possibility to utilize energy from local 
sources, such as industrial waste material suitable for combustion (bark, tree 
tops and branches, recycled waste wood, etc.), domestic waste and waste heat 
from industrial processes. Another benefit is the possibility to use CHP plants 
to produce electricity as well as heat. 

District heating systems in Sweden 
When producing electricity in a thermal power plant according to the principles 
of the Rankine cycle, there is always waste heat when the steam has passed 
through the turbine. The heat available is normally condensed and cooled away 
in cooling towers or a similar arrangement. Depending on the temperature of 
the waste heat and the temperature demand in DHS, the waste heat can be used 
to heat buildings. Since thermal power plants are commonly used all over the 
world, the potential for DHS is large but the market penetration is currently 
fairly low.  

To some extent, the local heat demand, the temperature demand required 
by the users of the heat and possibilities to build the infrastructure limit the 
potential. A study analyzing 83 European cities concluded that the average heat 
market share for DH to heat multi-unit apartment buildings was 21% for in-
vestigated cities [15]. That can be compared to Sweden where 92% of required 
heat to multi-unit apartment buildings was delivered by DHS [9].  

The composition of the fuel mix used in the Swedish DHS in 2017 was 41% 
from biofuels, 22% from domestic waste, 11% from flue gas condensers, 8% 
from industrial waste heat and 7% from fossil fuels. The last part is electricity 
for running the DHS and electricity used in heat pumps or boilers [16]. 

The base load in a DHS is characterized by a long utilization time, and in 
Sweden is often based on CHP plants that use biofuels or domestic waste as 
energy source and/or waste heat from local industries. The base load com-
monly covers the low heat demand during summer periods. Peak load plants 
have short utilization time and commonly use fossil fuels. The peak load plants 
cover the peak heat demands during winter but also act as a reserve heat pro-
ducer if necessary [17]. Figure 4 presents an example of an annual load dura-
tion curve with base load, intermediate load and peak load. 
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Figure 4. An example of an annual load duration curve with base load, intermediate load 
and peak load. 

Energy efficiency measures in buildings using district heat 
for heating 
There are several methods to lower the heat and electricity demand in build-
ings. One obvious way is to lower the transmission losses by increasing the 
insulation on walls and roof, improving the windows, etc. Improving the ven-
tilation losses by using an exhaust air heat pump (EAHP) or a heat exchanger 
can also reduce the energy demand for heating substantially in a cold climate. 
Building automation, automatic centralized control of a building's heating and 
ventilation, etc. can increase the comfort for the users of the building but also 
reduce energy use, especially if the building automation is combined with more 
efficient fans and pumps and changes to more energy-efficient lighting, etc.  

Those different EEMs lower the buildings energy demand but the different 
EEMs also affect the DHS in different ways. In a DHS in Sweden where the 
base load is covered by a CHP plant and the intermediate load is covered by a 
heat-only boiler, a ST system will reduce the load mainly during summer when 
electricity is produced in the CHP plant and have a limited effect on the heat-
only boiler. If the transmission losses are reduced and the DHS uses a CHP 
plant as intermediate load, the electricity production will be reduced due to the 
reduced heat demand of the building when heat for space heating is required. 
Improved transmission losses also reduce the peak loads that commonly use 
fossil oil. 

Different studies have investigated the impact on DHS when different 
EEMs are implemented in buildings. The overall result is that when biofuels 
are used producing heat to the DHS, the global CO2 emission reduction goes 
down if the DHS has a large share of CHP production. It is also shown that 
EEMs with highest reduction of energy use do not necessary give the highest 
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reduction of global CO2 emissions. In some cases, the global CO2 emissions 
are increased due to the reduced energy demand in buildings [18–21].   

Several studies also present similar results when the changes in primary 
energy use are evaluated. Since the PE factor for electricity generally is higher 
than for biofuels and waste heat, different EEMs affect the changes in primary 
energy use differently [20–24]. It is also shown that the emission factors used 
in the evaluation of changes in global CO2 emissions and especially the ac-
counting method used for CO2 emissions when the use/production of electric-
ity is changed are important for the results [20,21]. The same applies to differ-
ent commonly used PE factors for fuel, heat and electricity which can make a 
large difference in calculated results when changes in primary energy use are 
evaluated [21,25].  

Electricity power systems  
Electricity is distributed at regional and national level by a power transmission 
network with various voltage levels. The local low-voltage distribution net-
work has a voltage of 230 volts at end-users all over Europe (phase to neutral). 
Different countries are also connected to each other, directly or indirectly. 
Sweden has high-voltage connections with Norway, Finland, Denmark, Po-
land, Germany and Lithuania. Sweden is part of Nordpool which delivers 
power trading in the Nordic, Baltic and UK day-ahead markets. In Sweden, the 
time-scale for trading is one hour [26]. 

According to European Standard EN 50160 (“Voltage characteristics of 
electricity supplied by public distribution system”), the voltage levels at the 
end-users connected to the low-voltage distribution network should be within 
±10% of the rated voltage (400 V). EN 50160 requires a voltage level within 
±10% for 95% of the time but in Sweden, the voltage levels should be within 
±10% for 100% of the time [27]. In Sweden, all single-family houses are con-
nected to all three phases and the main fuses for single-family houses are com-
monly 3×16 A (11.0 kW), 3×20 A (13.8 kW) or 3×25 A (17.3 kW). 

Solar PV technology 
The possibility to produce electricity with a PV installation on private or com-
mercial buildings is increasing in popularity. The global installed PV capacity 
was estimated at the end of 2016 to have a peak power of 303 GW (GWp), 
mostly grid-connected systems. China had the highest cumulative capacity 
with 78.0 GWp, followed by Japan (42.8 GWp), Germany (41.2 GWp) and the 
USA (40.3 GWp). PV installations delivered approximately 1.8% of the global 
electricity demand in 2016 [28].  

Sweden has a limited PV market. In 2008, the cumulative installed capacity 
was less than 8 MWp. In 2016, 79 MWp cumulative PV capacity was installed 
[29]. The increase was mostly due to a capital subsidy that was introduced in 
Sweden in 2005 (for publicly owned buildings), but in 2009 all buildings and 
building owners were allowed to apply for the subsidy. This subsidy has been 
continuous except for an interruption in 2012. In 2015 a tax deduction scheme 
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for excess electricity produced to the grid was implemented. The produced ex-
cess electricity is credited with approximately 0.06 EUR/kWh as a tax refund. 
The tax deduction scheme has an upper limit of approximately 1900 EUR per 
year and building owner and is therefore not aimed for large PV installations 
or building owners with multiple buildings with PV installations [29].  

Electric meters used to monitor the electricity use in 
buildings 
The electricity use for a building is monitored and the meter is most commonly 
owned, installed and operated by the distribution system operator (DSO) [30]. 
A modern electric meter monitors the electricity use momentarily and accumu-
lates the recorded values into a suitable time-frame to be collected by the DSO 
[31,32]. Common time-frames are 1 hour, 30 minutes and 15 minutes.  

When e.g. a PV installation is installed on a building the direction of the 
power flow can vary depending on the use of electricity in the building and the 
amount of produced power from the PV installation. When the power flow 
varies and the DSO takes interest in the exported amount of electricity from 
the building to the low-voltage distribution network, an import/export metering 
arrangement is necessary. An import/export metering arrangement can be 
made with two individual electric meters where the net value is calculated from 
monitored values, but a common arrangement is to use a bi-directional meter 
where imported and exported electricity is monitored and stored in one unit. 

When a bi-directional meter monitors several phases, the configuration of 
how the net value of import and export of electricity is calculated can make a 
difference in the monitored amount of produced excess electricity for a build-
ing.  

Figure 5 presents a building connected to all three phases and with a mo-
mentary PV production of 3 kW on phase one with a single-phase inverter or 
1 kW on each phase with a three-phase inverter [32]. The total instantaneous 
internal load is 3 kW and divided as 1.5 kW on phase one, 1.25 kW on phase 
two and 0.25 kW on phase three. 
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Figure 5. The instantaneous values used to calculate the recorded values with an inter-
nal load of 1.5 kW, 1.25 kW and 0.25 kW on the different phases. The PV system mo-
mentarily produces 3 kW on phase one with a single-phase inverter or 1 kW on each 
phase with a three-phase inverter. 

There are two main configurations of bi-directional meters in Sweden. The first 
configuration records each phase individually (imported or exported). The sum 
of imported and exported electricity is accumulated in different registers. The 
accumulated result in each register is the monitored value for the used time 
frame collected by the DSO. Here this configuration is called individual meas-
urement of phases. The second configuration records the sum of electricity im-
ported in all phases and subtracts the exported electricity. The net value is 
stored in one register and accumulated to the monitored value. Here this con-
figuration is called sum measurement of phases. The different momentarily 
recorded values according to the PV production and the internal loads in Figure 
5 for the two different electric meter configurations are presented in Table 3. 

Table 3. The instantaneous recorded values for bidirectional meters configured to rec-
ord the phases individually or the sum of the phases. 

  1-phase inverter 3-phase inverter 
 Imported Exported Imported Exported 

 electricity electricity electricity electricity 
Individual measurement 
of phases 

1.5 kW 1.5 kW 0.75 kW 0.75 kW 

Sum measurement of 
phases 

0 kW 0 kW 0 kW 0 kW 

Electric vehicles and charging 
There are three main types of EVs. The battery electric vehicle (BEV) has an 
electric motor only and is charged from the power network. The plug-in hybrid 
electric vehicle (PHEV) has an electric motor combined with an internal com-
bustion engine, and the batteries can be charged from the power network. The 
battery capacity is lower and the driving distance on electricity alone is also 
shorter than for BEVs. There are also hybrid electric vehicles (HEV), which 
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are similar to PHEVs but cannot be charged from the power network. The bat-
tery capacity is commonly also smaller than for PHEVs.  

There are three main methods of EV charging – fast charging, semi-fast 
charging and slow charging – where each method represents the power output 
from the charger. The fast chargers, with a charging power of 43 kW and higher 
(three-phase, 64 A), charge the car with DC. Slow chargers have a maximum 
charging power of 3.6 kW (single-phase, 16 A). Semi-fast chargers and slow 
chargers charge with AC and the size of the built-in inverter in the car limits 
the charging power to the EV. 

There have been governmental financing schemes for public chargers in 
Sweden and most cities have charging stations with fast charging possibilities 
(DC-charging) and other public charging stations with AC-charging. In Febru-
ary 2018, there were almost 47,000 registered EVs in Sweden with a charging 
points per electric vehicle (CPEV) ratio of 0.1 [33]. There is a recently intro-
duced incentive in Sweden for private house owners to install dedicated charg-
ing stations for EVs and 50% of the total installation costs are subsidized. 
There is also a possibility to have public charging stations subsidized by the 
government [34].   

Privately owned EVs use the public charging options in different ways but 
the main charging point is at home [35,36]. Factors such as the availability of 
the charging point and the need for EV users to adapt to daily plans to manage 
public charging are factors favoring charging at home. Factors favoring public 
charging are e.g. subsidized free charging and range anxiety, but the near future 
points to a direction where charging privately owned EVs will most commonly 
be done at home.  

There is a trend that the maximum driving distance of new EV models has 
increased (and thus the battery size) and therefore, the charging power for 
home chargers can be assumed to be increased to follow the increased battery 
size to ensure a fully charged car ready to use in the morning, but also to have 
the possibility to increase the state of charge of the battery rather quickly if 
necessary. 

Smart grids and other trends in the power system 
Matching supply and demand over time is a key challenge in the power system. 
A smart grid is an intelligent network, which combines information technology 
with the power system network and enables automated monitoring and control. 
It is possible for utilities to collect various electrical information from the dis-
tribution network which helps in balancing demand and supply [37].  

The end-users play an important role in the smart grid system since it allows 
them to apply information about their use of electricity in more or less real time 
with the implementation of smart meters. This enables the end-users to make 
more informed decisions about their private use of electricity and a possibility 
to be a more active end-user [38].  

There are many aspects involved in smart grids but in this thesis, the end-
users and their possibility to be an active part of the power system is of most 
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interest. Today, there are three important trends where the end-users affect or 
have a possibility to affect the power system. These three trends are: 
 

 Customers that produce electricity to decrease their monitored use of 
electricity but act together with the power system to both produce and 
use energy in e.g. a building, so-called prosumers. 

 Customers that adjust their use of electricity according to market sit-
uations in the energy system, so-called demand side management and 
demand response. 

 The introduction of EVs and increase in power demand due to charg-
ing of the vehicle. 

 
An example of how a smart grid can appear is presented in Figure 6.  
 

 
Figure 6. An example of how a smart grid can appear. Published with permission from 
Gävle Energi AB. 

Prosumers 

The end-users in the energy systems are currently mainly passive actors but 
with the introduction of e.g. PV systems they can become producers as well 
[39]. When customers both use and produce electricity they are called prosum-
ers. In Sweden, this is most common in the low-voltage distribution network 
where customers install a PV system on their private house or on a privately 
owned or commercial building. Prosumers also exist in e.g. the DHS where 
customers both use and produce heat. 
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Demand side management and demand response 

The broad concept behind demand side management is to encourage consum-
ers to use energy more efficiently, with incentives for changing the consump-
tion pattern and demand response. The concept can be used in all energy sys-
tems but is commonly linked to the power market where electricity is bought 
and sold via a spot market. In this thesis, the concept is only discussed for the 
power market. Demand response is a concept where electrical loads respond to 
price signals or other inputs to improve the power system [38].  

Active load shifting does not necessarily decrease the total use of electricity 
but does decrease the power peaks and can therefore reduce the need for in-
vestments in distribution networks and/or new power plants. 

Another important aspect of the demand response is to minimize the amount 
of exported electricity when a building has a PV system installed. When there 
is an economic difference between self-consumed electricity and produced ex-
cess electricity, the possibility to move electricity usage to times when there is 
high PV production can make the installation more profitable but also limit 
overvoltage situations in the distribution networks. It is also important when 
the PE number is calculated for a building according to BBR to receive as low 
a PE number as possible for the building. 

There are several studies investigating the difference in amount of self-con-
sumed electricity due to demand response actions by the end-users, with or 
without PV installations [40–45]. It is shown that the amount of electricity to 
shift in residential buildings potentially is high but in reality rather limited, but 
the number of buildings makes it interesting. If the buildings use electricity for 
heating, the power demand is substantially higher and load shifting is more 
interesting, both for the end-user and the DSO. It is also shown that the 
knowledge and willingness to perform load shifting is limited [41,43,46] and 
that the existing market mechanisms are not properly designed to handle an 
active demand side [40].  

If battery storage complements the PV installations, more energy can be 
shifted and together with e.g. power curtailment, a high share of PV power can 
be introduced in the system without overvoltage and overcurrent situations 
[44,47].    

The introduction of electric vehicles 

The introduction of EVs will affect the power system, especially the low-volt-
age distribution network where most of the charging will take place. There is 
a significant number of research articles published in the area of potential chal-
lenges and impacts of future charging of EVs [48–53]. There is also research 
on the combined impact of distributed generation and electric vehicles 
[49,54,55] and how the charging power and charging strategy affects the low-
voltage distribution network [48,50,56].  

It is shown that charging EVs will create power peaks in the power system, 
especially in the evening hours. Since PV systems have a production peak dur-
ing mid-day, there is a mismatch between PV production and the increased 
power use due to charging and the power peaks are not affected or limited by 
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the PV installations. It is also shown that demand response actions can create 
power peaks by shifting too much power use to hours with low price of elec-
tricity, especially when charging of EVs is load shifted to low electricity price 
hours with some kind of smart charging system. 

Implementation of smart grids and the trends in the power 
system 
The smart grid and the three discussed trends in the power system are likely to 
be incorporated together in the future power system. EVs can act as an energy 
storage system in a demand response configuration and store produced excess 
electricity from e.g. PV systems to avoid negative impact on the power system. 
It is also possible to use the EVs to deliver power to the distribution network 
when needed, called vehicle to grid (V2G). 

A potential future trend that is highly discussed is large-scale storage solu-
tions in the power network to balance intermittent power production from e.g. 
wind and solar power but also to balance the load peaks caused by the end-
users. There are numerous research articles within the field presenting the ben-
efits of large storage solutions in the power system, e.g. [47,57–59].   

However, there is research that shows that batteries and hydrogen as large 
storage solutions might not be the most economical technology to use for the 
future power system. It is shown that it is more beneficial to invest in trans-
mission capacities [60,61]. It is also discussed that the market for storage so-
lution might be overestimated if the transmission capacity is increased [62].  

There is relatively slow market development of the smart grid technologies, 
storage solutions and demand side management compared to the market devel-
opment of PV technology and the implementation of EVs in Sweden. PV tech-
nology and EVs will therefore be introduced in the existing infrastructure and 
installed on or charged at buildings without smart grid technology and demand 
side management possibilities in the near future. 
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3. Method  

Building simulation 
In Paper 1 the investigated building was simulated with the building simulation 
software IDA-ICE, version 4.6.2, where climate data for the investigated year 
(2014) was used in the simulations [63,64]. The time frame for the simulations 
and the meteorological data used were hourly data obtained from [65]. The 
building simulated is a five-story multi-unit apartment building in Gävle, Swe-
den, with 27 apartments and a heated floor area of 2500 m2. The building was 
built in 1973 and has an almost flat roof of approximately 500 m2 in two levels.  
Figure 7 shows a picture of the simulated building and a picture of the model 
used in IDA-ICE. 

 
Figure 7. The simulated building in Paper 1. 

The building energy performance were initially simulated without any EEMs, 
and then potential future EEMs were simulated. The EEMs simulated were 400 
mm extra insulation on the attic, 200 mm extra insulation on the external walls, 
improved windows to triple-glazed, an EAHP and electricity efficiency 
measures where the electricity used for building services was assumed to de-
crease by 30%. A PV installation of 25 kWp was also included as an EEM. 

The simulated building before any EEMs had no heat recovery of the ex-
haust air. When an EAHP was simulated, the seasonal coefficient of perfor-
mance (SCOP) was assumed to be 3 and constant over the year. The ventilation 
air flow was 0.9 m3/s for all simulations. The thermal properties for the build-
ing before and after the different EEMs are presented in Table 4. 
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Table 4. The thermal properties of the simulated building before and after the different 
EEMs. 

  U-values UA-value 

 
Ground floor External walls Windows Roof  

Before 
EEMs 

0.3 W/m2K 0.7 W/m2K 
2.9 W/m2K,  

0.3 W/m2K 2030 W/K 
g-value = 0.8 

After 
EEMs 

0.3 W/m2K 0.2 W/m2K 
1.5 W/m2K,  0.07 

W/m2K 
1030 W/K 

g-value = 0.7 

 
The simulated energy demand of the building before any EEMs was verified 
by comparing the simulated results with the annual energy demand of similar 
buildings. There can be fairly large differences in energy use between similar 
buildings due to e.g. the energy behavior of the tenants, but the energy demand 
of the simulated model was within the maximum and minimum annual energy 
demand of comparable buildings in the same area.   

The difference in global CO2 emissions for the building without any EEMs 
was compared to the global CO2 emissions if the building has an EAHP in-
stalled and for two different combinations of EEMs. The first combined EEM 
(EEM1) is extra insulation of the external wall and attic together with im-
proved windows. The second combined EEM (EEM2) is identical with the first 
but also includes the reduction of electricity for building services and electric-
ity produced by the 25 kWp PV installation.  

In Paper IV the investigated building is simulated in the transient simulation 
program TRNSYS [66]. The building simulated is situated in Eskilstuna, Swe-
den and is a four-story building with 24 apartments. It has a heated floor are of 
3331 m2 and was built sometime between 1970 and 1975. 

The energy use of the building is simulated where the heat source is either 
DH, a ground source heat pump (GSHP) or an EAHP. Each heat source is also 
combined with a ST or a PV system. The different models simulated are pre-
sented in Table 5. 
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Table 5. Main heat source and distributed energy generation system in the different sim-
ulation models. 

Technical Heat source Distributed energy 

system   generation system 

Model 1 DH None 

Model 2 DH PV system 

Model 3 DH ST system 

Model 4 GSHP None 

Model 5 GSHP PV system 

Model 6 GSHP ST system 

Model 7 EAHP None 

Model 8 EAHP PV system 

Model 9 EAHP ST system 

District heating system analysis and composition 
In Paper I the DHS in Gävle, Sweden is investigated. The DHS in Gävle uses 
a large share of waste heat from the nearby pulp and paper industry, Billerud 
Korsnäs AB. The waste heat contributes more than half of the energy supplied 
in the DHS and covers the heat demand alone in summer, late spring and early 
autumn. There are two large CHP plants delivering the heat as intermediate 
load in the system and there are almost no fossil fuels used for peak loads. Due 
to the co-operation with Billerud Korsnäs AB, there are other possibilities to 
produce heat to the DHS according to cheapest available heat source. One of 
the available production units is a boiler that uses electricity and can be used 
if the electricity price is low.  

The DHS is complex and the lowest production cost to produce heat is op-
timized hourly according to the availability of waste heat, the cost of the fuel 
for the different heat production units and the electricity spot price. The elec-
tricity spot price is important for how to run the CHP plants. 

When the changes in energy demand for the simulated building in Paper I 
are used to evaluate the changes in global CO2 emissions, the hourly change in 
energy use is used to calculate which heat production unit in the DHS is af-
fected according to the lowest possible cost for the owner of the DHS. The 
reduced use of fuel or electricity and the possible reduction of produced elec-
tricity, if one of the CHP plants is the marginal production unit, is taken into 
account when changes in global CO2 emissions are calculated. 

In Paper IV, the DHS in Eskilstuna, Sweden, is investigated. A static DHS 
is assumed where the different production units are divided into a base load, 
an intermediate load and a peak load. The heat to the DHS is either produced 
in a CHP plant or a heat-only boiler (HOB). The two duration time limits for 
the production units are set by the outdoor temperature. For the investigated 
town of Eskilstuna, the crossover temperature between the base load and the 
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intermediate load is +5 °C and the crossover temperature between the interme-
diate load and the peak load is −5 °C. This corresponds to an approximate an-
nual duration time limit for the base load of 4000 h and an approximate annual 
duration time limit for the peak load of 900 h [21,67].   

The “standard” DHS compositions investigated in Paper IV are presented 
in Table 6. 

Table 6. The different composition of production units in evaluated DHS. 

  Base Load Intermediate Load Peak Load 

DHS 1 Biofuel CHP plant Biofuel HOB plant Oil 

DHS 2 Biofuel CHP plant Biofuel CHP plant Oil 

DHS 3 Solid waste incineration CHP plant Biofuel HOB plant Oil 

DHS 4 Coal fuel CHP plant Coal fuel HOB plant Oil 

Global CO2 emission evaluation 
In both Paper I and Paper IV the changes in global CO2 emissions are calcu-
lated when the investigated building changes the energy demand. The local 
emissions from combustion of different fuels is calculated by using common 
emission factors. Changes in electricity use or production will affect the power 
balance in surrounding areas and possibly other regions and countries due to 
national transmission networks and the high-voltage connections to nearby 
countries. Therefore evaluation of global CO2 emissions from changes in elec-
tricity use or production is difficult to evaluate and there are several accounting 
methods used [68].  

Papers I and IV use different accounting methods for the changes in elec-
tricity use/production and in Paper I the first accounting method is the mean 
electricity mix in Sweden, Norway, Finland and Denmark (EMN). The second 
accounting method uses the marginal electricity approach and the short-term 
marginal production method, where it is assumed that coal condensing power 
is the marginal production unit. The third accounting method is the long-term 
marginal production method, where it is assumed that natural gas combined 
cycle condensing power is the marginal production unit.  

In Paper IV the first accounting method used is the mean electricity mix in 
the EU (EUEM) for 2014 and the second and third methods are identical to 
Paper I. The emission factors used in Papers I and IV for the different fuels and 
the different accounting methods for changes in electricity use/production are 
presented in Table 7. 
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Table 7. The emission factors used in Paper I and Paper IV for the different fuels and 
the different accounting methods for changes in electricity use/production. 

CO2eq [kg/MWh] 
Fuels Electricity produced by: 

Oil Coal 
Bio-
fuels 

Solid 
waste 

Coal 
Natural 

gas 
EUEM EMN 

Paper I 300 - 0-15 - 960 480 - 95 

Paper IV 280 340 0 90 1000 400 280 - 

Monitoring and calculations of PV production 
In Paper I the electricity from PV systems is only investigated according to its 
contribution to the changes in global CO2 emissions. Since a PV installation 
does not affect the amount of heat used in the investigated building and all 
accounting methods for CO2 emission for changes in electricity use/production 
are constant over the year, a simple assumption with an annual PV production 
of 900 kWh/kWp is used. 

In Papers II and III the PV production for the single-family house and the 
electricity use for the multi-unit apartment buildings were monitored with an 
eGauge data logger [69]. The data logger has an accuracy of 0.5% and the 
current transformers used have an accuracy of 2% when the measured amper-
age is between 1% and 100% of the current transformer amperage rating (man-
ufacturer figures). 

The single-family house that is used in Papers II and III was built in 1983 
and has a heated living area of 171 m2. The main source of heating is a small 
ground source heat pump connected to the space heating system and an ST 
system for domestic hot water and there is no air cooling unit installed. When 
the heat pump and ST system cannot supply the required heat demand, heat is 
delivered by an electric immersion heater. The electricity bought from the elec-
tricity retail company is approximately 10,000 kWh/year. The building has a 
PV installation of 2.6 kWp with a single-phase inverter. As common in Swe-
den, the building is connected to all three phases to the power network. A pic-
ture of the investigated house is presented in Figure 8. 
 

 
Figure 8. A picture of the single-family house that is investigated in Papers II and III. 
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The two multi-unit apartment buildings used in Paper II are located in Gävle. 
The first investigated building is the same building as used in Paper I. The 
second apartment building is a three-story slab block with 87 apartments and 
an almost flat roof of approximately 1400 m2. A picture of the second multi-
unit apartment building is presented in Figure 9. 
 

 
Figure 9. The second multi-unit apartment building investigated in Paper II. 

The investigated multi-unit apartment buildings have exhaust air ventilation 
without heat recovery. The buildings are heated with DH and some energy-
conserving measures have been implemented to reduce the use of electricity, 
e.g. energy-efficient lighting with motion sensors in the stairwell. There are no 
air cooling units installed.  

The PV production in the apartment buildings investigated in Paper II is 
calculated using the Liu and Jordan isotropic sky model [70]. The PV systems 
are assumed to be installed in a southerly direction with a tilt angle of 45 de-
grees and with no shadings. The PV module efficiency is assumed to be con-
stant 15% and the overall system efficiency is assumed to be constant 90%. 
The system efficiency includes losses in the inverter, cables, etc. Monitored 
solar irradiation from Bergby, a small village near Gävle, is used in the calcu-
lations and all calculations are made with one minute resolution. The solar ir-
radiation is monitored with an SPN1 pyranometer, manufactured by Delta-T 
Devices Ltd [71]. The sensor measures both global and diffuse radiation on a 
horizontal surface and has an accuracy of ± 8% for individual readings (man-
ufacturer figures). 

In Paper V the PV production for each building is estimated with hourly 
resolution by dividing the azimuth of all PV installations into three intervals: 
± 30°, -30° to -90° and 30° to 90° and the PV productions were calculated for 
the midpoints of these intervals. The tilt of the PV installations was assumed 
to be 30 degrees. The calculated PV production was used for the houses with 
roofs within the azimuth intervals. Monitored global horizontal and diffuse ir-
radiation for Gävle during April to September, 2016 was used to calculate the 
irradiation on the roof, using an anisotropic sky model [72] The irradiation was 
monitored with Kipp & Zonen pyranometers, CM10 [73]. The Kipp & Zonen 
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pyranometers are high accuracy instruments but it is unknown when the latest 
calibration was made and this increases the uncertainties for the monitored ir-
radiation. The PV production was then calculated with standard correction fac-
tors for angular of incidence, diffuse irradiation and module temperature. No 
shading from buildings or other obstacles were assumed. 

Electric vehicle home-charging pattern simulation 
The EV home-charging pattern used in Paper V was simulated with the sto-
chastic Markov-chain model of Grahn et al. [74], which is based on a stochastic 
household electricity use model [75,76]. The model output is one minute res-
olution, but output was averaged to hourly resolution. The model uses refer-
ence input parameters of 0.2 kWh/km electricity use for the EVs, 37 km aver-
age distance driven per day and a mean speed of 46 km/h [74]. The simulations 
were run assuming charging with a three-phase charger with 11 kW charging 
power. The model was used to generate BEV charging patterns from 150 sep-
arate BEVs over one year. 

Low-voltage distribution network simulation 
In Paper V the voltage levels for the end-users and the current in all feeders 
were calculated numerically using the Newton-Raphson power flow solution 
[77,78]. All calculations are made in Matlab and it is assumed that all loads are 
balanced between the phases since data per phase was not available.  

Information about cable lengths, cable types, voltage levels in distribution 
transformers, hourly data of active power use (kWh/h) for the end-users and 
the phase angle in the distribution transformers was obtained from Gävle En-
ergi AB. Gävle Energi AB is the low-voltage distribution network owner in 
Gävle where the investigated low-voltage distribution networks are situated. 
The known phase angles were then used to calculate active and reactive power 
use. All end-users are assumed to have the same phase angle as monitored in 
the distribution transformer.  

A distribution transformer transforms the voltage to a level suitable for the 
end-users and feeders connect the distribution transformer to distribution cable 
cabinets (DCCs) where the nearby end-users are connected. In older rural dis-
tribution networks it is still common to use overhead distribution lines, com-
monly with pole-mounted distribution cabinets for one or two end-users. Fig-
ure 10 presents one of the city-based distribution networks simulated in Paper 
V where the network layout, cable lengths of the different sections of the feed-
ers, the maximum currents allowed for the different sections, the DCCs and 
the number of end-users connected to each DCC is presented. 
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Figure 10. A city-based distribution network simulated in Paper V with 5 feeders, 12 
DCCs and 100 end-users. 

The voltage and current levels in the low-voltage distribution networks are 
simulated with five different charging strategies at the end-users. The charging 
strategies investigated are: 
 

A Charging the EV with maximum power when parking the car at home. 
The car starts to charge when the owner returns home. 

B Add a power limiter to charging strategy A. All end-users are assumed 
to have a power limiter where the maximum power use from the 
power grid is 13.8 kW (20 A) and the power to the charger is limited 
by the power limiter. This means that the charging time is longer if 
the power limiter is in use but the same amount of energy is used for 
charging. 

C Delay all charging until between 12:00 AM and 6:00 AM. The charg-
ing load is evenly divided during the charging time. The charging 
strategy needs communication with the EV to adjust the charging 
power to the state of charge of the batteries. No need for a power lim-
iter is assumed. 

D Delay all charging until between 12:00 AM and 6:00 AM but mini-
mize the costs for the end-users by charging when lowest electricity 
spot price occurs. The EV is charged with full power when the lowest 
price occurs and communication with the EV to know the state of 
charge of the batteries is assumed. 

E Add a power limiter to charging strategy D. All end-users are assumed 
to have a power limiter where the maximum power use from the 
power grid is 13.8 kW (20 A) and the power to the charger is limited 
by the power limiter. 
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4. Results and Discussion 

Global CO2 emission evaluation 
The method used in Paper I, with real production costs and production data for 
the different production units in the DHS together with the possibility to cal-
culate the cost-optimum merit order for the different production units on an 
hourly basis, gives a detailed understanding of which production unit is af-
fected when different EEMs are implemented. When hourly values of the elec-
tricity spot price and simulations of the change in energy demand are investi-
gated with hourly resolution, the impact on the DHS can be studied on an 
hourly basis.  

In Figures 11 and 12 the changes in global CO2 emissions are presented for 
the two packages of combined EEMs and the EAHP investigated in Paper I 
[79]. The changes in global CO2 emissions are presented if either fossil oil is 
used in peak and reserve boilers (Figure 11) or if bio-oil is used (Figure 12). 
The interval for CO2 emission factors between 0 and 15 kg CO2eq/MWh for 
biofuels only affects the calculated results marginally. 

 

 
Figure 11. Change in global CO2 emissions due to the different EEMs when fossil oil is 
used in the peak and reserve boilers. A minus sign is a decrease in CO2 emissions. 
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Figure 12. Change in global CO2 emissions due to the different EEMs when bio-oil is 
used for peak and reserve demands. A minus sign is a decrease in CO2 emissions. 

The insulation package, EEM1, increases the demand for electricity in the 
power system due to a decrease in production of electricity in the CHP plants. 
This counteracts the reduced local CO2 emissions from using less fuel when 
producing heat to the DHS. The differences in accounting method for changes 
of electricity use/production contributes to an overall minor increase or de-
crease of global CO2 emissions. 

EEM2, where the use of electricity in the building is decreased by 30% 
combined with a 25 kWp PV installation, increases the amount of electricity in 
the power system. This contributes to a decrease in global CO2 emissions for 
all three accounting methods for changes in electricity use/production. When 
the heat demand in the building is decreased by using an EAHP, the electricity 
demand in the building is increased and results in an increase of global CO2 
emissions for all accounting methods for changes in electricity use. 

It is shown that saving heat delivered by a DHS with a large share of indus-
trial waste heat and a large share of the intermediate load covered by CHP 
plants, as in Gävle, an EAHP both reduce the electricity produced in the CHP 
plants and increase the electricity use in the building. Since the electricity pro-
duced in the CHP plants primarily comes from biofuels with low impact on 
global CO2 emissions and the increased electricity demand in two of the ac-
counting methods comes from fossil-based electricity production, this EEM 
will lead to an increase in global CO2 emissions. Only saving heat by reducing 
the transmission losses will have a lower effect on global CO2 emissions and 
the accounting method used decides if it is a positive or negative result. 

The system boundaries for the electricity market and which accounting 
method is used will affect the evaluation but the conclusion remains: electricity 
use/production is the most important factor to consider to receive low global 

-30

-20

-10

0

10

20

30

40

50

EEM1 EEM2 EAHP

To
n

 C
O

2
/y

ea
r

Electricity mix: Sweden, Norway, Denmark, Finland

Long term marginal (natural gas)

Short term marginal (coal)



31 

CO2 emissions when EEMs are implemented in buildings within the investi-
gated DHS. 

How the electric meter configuration affects the monitored 
amount of self-consumed electricity 
In Paper II the principal function of a bi-directional electric meters is investi-
gated according to how the configuration of the electric meter of a building 
affect the monitored amount of self-consumed electricity when the building 
has a PV system installed. An electric meter momentarily monitors the use of 
power and then accumulates the recorded values within a suitable time period 
and the accumulated value is then collected, usually by the DSO. Depending 
on how the bi-directional meter is configured, different recorded values can be 
obtained if the building is connected to all three phases and the building has a 
PV installation that produces power to the grid in one or more phases. In Swe-
den, all buildings are connected to all three phases, including single-family 
houses. 

In Figure 13 the monitored load on each phase is presented for the investi-
gated single-family house with the monitored PV production for July 1, 2015 
[32]. The resolution of the monitored data is one minute. 

 

 
Figure 13. The monitored load on each phase presented together with the monitored PV 
production for the investigated single-family house, July 1, 2015. 

In Table 8 the annual PV production and monitored amount of self-consumed 
electricity is presented (monitored between November 1, 2014, to October 31, 
2015). The resolution of the monitored data is one minute. The first three rows 
in the table present whether a single-phase inverter is connected to phase 1, 2 
and 3 respectively. Row four presents the result if a three-phase inverter is 
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used. It is assumed that the PV production is evenly distributed between the 
phases for the three-phase inverter. The first four rows show the results if the 
electric meter configuration is individual measurement of phases. Row five 
presents the result if the configuration of the electric meter is sum measurement 
of phases. When the configuration is sum measurement of phases, it makes no 
difference to the recorded value if a single-phase or three-phase inverter is 
used. 

Table 8. The annual monitored self-consumed amount of electricity where the first three 
rows present whether a single-phase inverter is connected to phase 1, 2 and 3 respec-
tively. Row four presents the result if a three-phase inverter is used. The first four rows 
present the results if the electric meter configuration is individual measurement of 
phases. Row five presents the result if the configuration of the electric meter is sum 
measurement of phases. 

  Production Self- 

  PV installation consumption 

1-phase inverter, electric meter  
1990 kWh 560 kWh (28%) 

 configuration per phase, phase 1 

1-phase inverter, electric meter 
1990 kWh 470 kWh (24%) 

 configuration per phase, phase 2 

1-phase inverter, electric meter  
1990 kWh 530 kWh (27%) 

configuration per phase, phase 3 

3-phase inverter, electric meter 
1990 kWh 950 kWh (48%) 

 configuration per phase 

1- or 3-phase inverter, electric     
1990 kWh 1090 kWh (55%) 

meter configuration sum of phases 

 
Depending on whether a single-phase inverter is used and on the configuration 
of the electric meter, the monitored self-consumption during 12 months varies 
between 24% and 55% for the investigated building. 

Figure 14 presents the electricity use per phase for the investigated five-
story tower block and Figure 15 the electricity use per phase for the three-story 
slab block for July 1, 2015 [32]. The resolution for the monitored data is one 
minute. 
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Figure 14. The electricity use per phase for the investigated five-story tower block for 
July 1, 2015. 

 
Figure 15. The electricity use per phase for the investigated three-story slab block for 
July 1, 2015. 

Table 9 presents the PV production and the self-consumed amount of electric-
ity for the five-story tower block between July 1 and August 31, 2014. The 
electricity use per phase is monitored with one minute resolution and the PV 
production is calculated with monitored irradiation data with one minute reso-
lution. It is assumed that the PV production is produced evenly between the 
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phases since larger PV installations can be assumed to use three-phase invert-
ers or several single-phase inverters that are more or less evenly distributed 
between the phases. 

Table 9. The PV production and the self-consumed amount of electricity for the five-
story tower block, presented between July 1 and August 31, 2014. 

Five-story tower block PV production Self-consumption 

10 kWp PV installation, electric meter  
3230 kWh 2040 kWh (63%) 

configuration per phase 

10 kWp PV installation, electric meter  
3230 kWh 2060 kWh (64%) 

configuration sum of phases 

30 kWp PV installation, electric meter  
9680 kWh 3710 kWh (38%) 

configuration per phase 

30 kWp PV installation, electric meter  
9680 kWh 3720 kWh (38%) 

configuration sum of phases 

 
Table 10 presents the PV production and the self-consumed amount of elec-
tricity for the three-floor slab block and is presented between July 1 and August 
31, 2014. 

Table 10. The PV production and the self-consumed amount of electricity for the three-
story slab block, presented between July 1 and August 31, 2014. 

Three-story slab block PV production Self-consumption 

20 kWp PV installation, electric meter 
6450 kWh 5890 kWh (91%) 

configuration per phase 

20 kWp PV installation, electric meter 
6450 kWh 6000 kWh (93%) 

configuration sum of phases 

80 kWp PV installation, electric meter 
25810 kWh 10810 kWh (42%) 

configuration per phase 

80 kWp PV installation, electric meter 
25810 kWh 10880 kWh (42%) 

configuration sum of phases 

 
The difference in monitored share of self-consumed electricity is almost neg-
ligible when the different configurations of electric meters are compared for 
the two multi-unit apartment buildings. 

  If a bi-directional electric meter is used to monitor the self-consumed and 
produced excess electricity from a PV installation for a single-family house 
connected to all three phases, there can be different results depending on the 
two investigated electric meter configurations.  The difference for the investi-
gated single-family house is most noticeable when the PV system has a single-
phase inverter. The difference in monitored amount of self-consumed electric-
ity is significant. Which phase the single-phase inverter is connected to will 
also affect the monitored self-consumption.  

When there is a difference in economic value between self-consumed and 
produced excess electricity, the electric meter configuration can be an im-
portant factor to consider when planning a PV installation for a single-family 
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house. For the investigated multi-unit apartment buildings, the difference in 
recorded amount of self-consumed electricity due to the configurations of the 
electric meters is almost negligible. 

Predicting the amount of self-consumed electricity for a 
single-family house with a PV installation 
As described in Paper II, an electric meter monitors momentarily and accumu-
lates the monitored values within a suitable time-period to be collected by the 
DSO. Paper III investigates how the time resolution used when the amount of 
self-consumed and produced excess electricity is predicted affects the results. 
Paper III also investigates how the amount of self-consumed electricity varies 
with different PV system sizes. Figure 16 presents the monitored PV produc-
tion with one minute resolution for June 1, 2015, together with calculated 
hourly mean values of the monitored values [80]. 

 

 
Figure 16. The monitored PV production with one minute resolution together with hourly 
mean values of the monitored values for June 1, 2015. 

Figure 17 presents the monitored use of electricity with one minute resolution 
together with hourly calculated mean values of the monitored values [80]. The 
total use of electricity on all three phases is presented for June 1, 2015. 
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Figure 17. The monitored use of electricity with one minute resolution together with 
hourly mean values of the monitored values. The total use of electricity on all three 
phases is presented for June 1, 2015. 

Figures 16 and 17 shows a leveling effect for hourly data compared to moni-
tored data with one minute resolution. The calculated amount of self-consumed 
electricity for 2015 with hourly data is 1207 kWh and with minute based data 
1098 kWh. This means that data with an hourly resolution over-estimates the 
amount of self-consumed electricity by approximately 10% compared to data 
with one minute resolution for the investigated building during 2015. The elec-
tric meter configuration is here sum measurement of phases. This corresponds 
well to earlier research when a single-family house in Switzerland monitored 
a similar difference [81]. 

Table 11 presents the amount of self-consumed electricity for four different 
PV system sizes with the different electric meter configurations investigated in 
Paper II. It is also presented with a single-phase inverter or a three-phase in-
verter. The different PV system sizes used in the evaluation is obtained by half 
or double the monitored PV production for the 2.6 kWp PV installation in-
stalled on the investigated house. The PV production and use of electricity is 
monitored between January 1 and December 31, 2015. 
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Table 11. The annual amount of self-consumed electricity for four different PV system 
sizes with the different electric meter configurations investigated. Whether a single-
phase or a three-phase inverter is used is also presented. 

PV system size 1.3 kWp 2.6 kWp 3.9 kWp 5.2 kWp 

PV production  
1002 
kWh 

2004 
kWh 

3006 
kWh 

4008 
kWh 

Self-consumption, 1- or 3-phase in-
verter, sum measurement of phases  

734 kWh 
(73%) 

1098 
kWh   

(55%) 

1344 
kWh   

(45%) 

1526 
kWh   

(38%) 

Self-consumption, 3-phase inverter,     
individual measurement of phases  

655 kWh 
(65%) 

964 kWh 
(48%) 

1179 
kWh   

(39%) 

1342 
kWh   

(33%) 

Self-consumption, 1-phase inverter      
connected to phase 1, individual          
measurement of phases  

431 kWh 
(43%) 

569 kWh 
(28%) 

662 kWh 
(22%) 

728 kWh 
(18%) 

Self-consumption, 1-phase inverter      
connected to phase 2, individual          
measurement of phases  

362 kWh 
(36%) 

483 kWh 
(24%) 

559 kWh 
(19%) 

613 kWh 
(15%) 

Self-consumption, 1-phase inverter      
connected to phase 3, individual          
measurement of phases  

386 kWh 
(39%) 

539 kWh 
(27%) 

640 kWh 
(21%) 

713 kWh 
(18%) 

 
For the analyzed 1.3 kWp PV installation, the amount of self-consumed elec-
tricity varies between 362 kWh and 734 kWh depending on the electric meter 
configuration and whether a single-phase or three-phase inverter is used. Total 
PV production is 1002 kWh. For the largest PV installation, 5.2 kWp, the 
amount of self-consumed electricity varies between 613 kWh and 1526 kWh. 
The PV production for the largest PV installation is 4008 kWh. This shows 
that the share of self-consumed electricity can be relatively low for all PV sys-
tem sizes and that there are fairly large differences in recorded amounts of self-
consumed electricity due to the differences in configuration of the electric me-
ter for all PV system sizes.  

When the 2.6 kWp PV installation is installed with a single-phase inverter 
connected to phase two, the amount of self-consumed electricity is 483 kWh 
for the investigated year when the electric meter configuration is individual 
measurement of phases. If the data with hourly resolution of PV production 
and electricity use is used to predict the amount of self-consumed electricity 
for the investigated building with a 2.6 kWp PV installation, the amount of self-
consumed electricity is 1207 kWh if the electric meter configuration is sum 
measurement of phases. This means that the monitored amount of self-con-
sumed electricity is 60% lower than predicted if a single-phase inverter is used 
and is connected to phase two. 

Paper III shows a potential problem for owners of single-family houses if 
they invest in a PV installation. It is difficult to predict the amount of self-
consumed electricity from PV installations. If there are differences in eco-
nomic value between the self-consumed and produced excess electricity, the 
economic prediction of the installation’s revenue is endangered.  
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In Sweden, where there is a tax refund scheme to increase the value of pro-
duced excess electricity, the reliability of the predicted amount of self-con-
sumed electricity has a minor effect on the economic results as long as the 
difference is covered by the tax refund scheme. If the tax refund scheme ends 
or the amount of the refund is decreased, there are probably many owners of 
single-family houses with PV systems that have over-predicted the amount of 
self-consumed electricity, resulting in a lower economic value of the produced 
electricity than expected.  

Paper III also shows a problem when the calculated energy performance 
according to BBR is confirmed with measurements for single-family houses. 
When the performance is simulated, hourly climate data and assumptions of 
electricity use are commonly used. This also contributes to over-estimating the 
amount of self-consumed electricity and a PE number that is too low is calcu-
lated.  

The primary energy number and global CO2 emissions 
In Paper IV, a multi-unit apartment building in Eskilstuna, Sweden, is simu-
lated and the difference in the PE number according to the Swedish proposal 
for nearly zero energy buildings in Sweden, January 2017, is investigated [80]. 
The proposal is now implemented in the BBR.  

In a referral in May 2018 from Boverket [12], the proposed factors of PEel 
to be used after 2020 is suggested to be 1.85 instead of 2.5, which was sug-
gested when Paper IV was published. The factor PEDH is also proposed to be 
decreased from 1.0 to 0.95. This means that if the PE factors from the referral 
are implemented in BBR, the PE number will be lower than presented in Paper 
IV.   

The PE numbers are presented when the building uses heat from DHS or 
from heat pumps, alone or combined with ST or PV systems. How the global 
CO2 emissions are affected by the different heating system combinations and 
with different fuels used to produce heat to the DHS is also investigated.  

In Figures 18 and 19 the calculated PE numbers for the investigated build-
ing are presented when the building is heated with DH, an EAHP or a GSHP 
[82]. The main heating system is combined with either a ST system, in Figure 
18, or a PV system, in Figure 19, and the PEel factors are 1.6 and 2.5. Note that 
the contribution from PV systems is considered a reduction of used electricity 
only if the electricity is used within the building. 
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Figure 18. The calculated PE numbers for the investigated building presented when the 
building is heated with DH, an EAHP or a GSHP. The main heating system is combined 
with a ST system and the PEel factors are 1.6 and 2.5. 

 

Figure 19. The calculated PE numbers for the investigated building presented when the 
building is heated with DH, an EAHP or a GSHP. The main heating system is combined 
with a PV system and the PEel factors are 1.6 and 2.5. 

Figures 18 and 19 show that the PE number is lower for a building with an 
EAHP or GSHP compared to if the building uses DH as source for heating, 
which is valid for both factors of PEel. This is because the SCOP for the heat 
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pumps simulated is higher than PEel divided by PEDH. Figures 18 and 19 also 
show that a ST system gives a lower PE number than a PV system when the 
building is connected to a DHS. This is because the ST system can reduce a 
substantially larger DH load than a PV system can reduce the amount of bought 
electricity.  

The decrease in PE number stagnates when the ST system is around 40 m2, 
when no more heat can be saved. The results for the simulations are summa-
rized in Table 12 for all heating system combinations combined with a 25 kWp 
PV system or a 100 m2 ST system. Table 12 also presents the calculated PE 
number for the latest proposed PE factors for electricity and DH (Mars 2018) 
[12]. The calculated PE numbers with the new proposed PE factors differ from 
the calculated PE numbers in Paper IV where the proposed new PEel factor was 
2.5 and PEDH was 1.0 but the relationship between the calculated PE numbers 
for the different heating system combinations are similar and the overall con-
clusions in Paper IV remains. 

Table 12. Summary of calculated PE numbers for all heating system combinations com-
bined with a 25 kWp PV system or a 100 m2 ST system. 

Heating source PEel factors PEel and PEDH factors 

  1.6 2.5 1.85 and 0.95 

District heating 59.0 61.9 57.1 

District heating + ST system 53.1 55.9 51.5 

District heating + PV system 57.1 58.9 54.9 

Exhaust air heat pump 36.5 57.1 30.1 

Exhaust air heat pump + ST system 30.7 48.0 25.6 

Exhaust air heat pump + PV system 31.3 48.9 23.4 

Ground source heat pump 26.0 40.6 42.2 

Ground source heat pump + ST system 22.2 34.6 35.5 

Ground source heat pump + PV system 20.2 31.6 36.2 

 
The change in global CO2 emissions is calculated when heat pumps replace the 
four different DHS compositions investigated (listed in Table 6) and with the 
different accounting methods used for calculating CO2 emissions when elec-
tricity production/use is changed. The accounting methods used are the mean 
electricity mix within EU (EUEM), when the marginal production of electric-
ity is natural gas combined cycle power or produced by coal condensing power. 
The results are presented in Figures 20, 21 and 22 [82]. Note that the changes 
in global CO2 emissions when the building is heated with DH combined with 
a PV system is identical for all four DHS investigated. A PV system does not 
affect the use of heat in a building and therefore, the global CO2 emissions are 
identical for all four DHS investigated. 
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Figure 20. The changes in global CO2 emissions when heat pumps replace the four dif-
ferent DHS compositions investigated. The accounting method for changes in electricity 
use/production is EUEM. 

Figure 21. The changes in global CO2 emissions when heat pumps replace the four dif-
ferent DHS compositions investigated. The accounting method for changes in electricity 
use/production is natural gas combined cycle power. 
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Figure 22. The changes in global CO2 emissions when heat pumps replace the four dif-
ferent DHS compositions investigated. The accounting method for changes in electricity 
use/production is coal condensing power. 

In Sweden, the base load and intermediate load in DHS are commonly pro-
duced by solid waste incineration CHP plants, by biofuels in CHP or HOB 
plants, or by waste heat from nearby industries.  

When a heat pump system replaces DH in a DHS with a CHP plant where 
the heat and electricity are produced by biofuels, the low CO2 emissions for 
biofuels, the increased use of electricity by the heat pump and the decreased 
production of electricity in the CHP plant entail an increase in global CO2 
emissions. This is presented by DHS 1 and DHS 2 where the global CO2 emis-
sions increase when a heat pump system replaces the use of DH. When the 
DHS uses fuels with higher CO2 emissions and produces less electricity (DHS 
3), then the introduction of a heat pump system has a lower impact on global 
CO2 emissions and has a slightly decrease in global CO2 emissions for some 
of the examples presented. When the DHS uses fossil fuels (DHS 4), the GSHP 
and EAHP decrease the global CO2 emissions compared to if heat from a DHS 
is used, except for when an EAHP is used alone or combined with a ST system 
and the accounting method for changes in electricity use/production is coal 
condensing power. 

When a PV installation is compared to a ST installation, the global CO2 
emissions are lower for the PV system together with all DHS variations and 
for all accounting methods used for changes in electricity use/production ex-
cept when the allocation method is EUEM and the DHS uses fossil fuels. When 
the building uses DH, the change in global CO2 emissions for the ST system is 
marginal for all accounting methods used and for all DHS compositions com-
pared to a PV system. The reason is that the produced heat from the ST systems 
replaces heat produced by fuels with low CO2 emissions and/or decreases the 
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electricity production in the CHP plant, which limits or slightly increases the 
global CO2 emissions. A PV system produces only electricity and does not 
affect the heat demand in the building. The PV system does therefore not affect 
the electricity production in CHP plants. 

The calculated PE number for a building according to the definition in BBR 
is considerably lower for a building with a heat pump system than for a build-
ing which uses DH. The decrease in the PE number is greater if an ST system 
is installed in a building with DH than if a PV system is installed, and the 
decrease of the PE number is greater if a PV system is installed in a building 
with a GSHP than if an ST system is installed. 

The global CO2 emissions will increase if a multi-unit apartment building 
replaces heat from a DHS that uses biofuels and CHP plants with a heat pump 
system. A PV system in combination with DHS results in lower CO2 emissions 
than ST systems. This means that BBR favors energy systems that increase 
global CO2 emissions.  

Impacts of different electric vehicle charging strategies on 
low-voltage distribution networks 
In Paper V the impact on the low-voltage distribution network is investigated 
when potential future charging loads from EVs are added to the monitored 
hourly electricity use at the end-users in the investigated distribution networks. 
To be able to simulate a future large share of EVs with the contributed extra 
load demand for different charging strategies, the monitored hourly load is 
combined with a unique charging pattern for each end-user.  

The monitored load for January 17 is presented in Figure 23 for all four 
investigated low-voltage distribution networks together with the accumulated 
charging load for the end-users when charging strategy A is used. Charging 
strategy A is when the EV uses 11 kW charging power and starts to charge 
when the vehicle returns home after use. A summer load is also presented (July 
20) and there is no PV production assumed at the end-users. 
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Figure 23. The load for January 17 for the investigated low-voltage distribution networks 
with 11 kW charging with charging strategy A. A summer load without charging is also 
presented (July 20). 

There is a significant difference in power use between the winter load and the 
summer load due to the electricity demand for heating during winter. Figure 
23 also shows that the electricity demand per end-user is lower for the rural 
networks than for the city-based networks. This is probably due to the presence 
of summer cottages and more use of biomass for heating. Summer cottages 
commonly have a low electricity use (heating demand) when not in use.  

The two city networks can manage the increased power use from charging. 
All feeders and their different sections remain within their current limits and 
the peak power use is lower than the available power from the distribution 
transformers. For Rural network 1, there is an overcurrent situation in one of 
the feeders when the additional charging load is simulated. If the feeder is re-
inforced to allow a maximum current of 160 A instead of existing 80 A, the 
network can manage the increased power demand from charging EVs when 
charging strategy A is used. The available power from the distribution trans-
former is more than adequate for the additional charging load. 

For Rural network 2, the maximum available power from the distribution 
transformer is 200 kW and even without the additional charging load, the dis-
tribution transformer is close to its limits. The maximum accumulated hourly 
power use by the end-users for the investigated year was 180 kWh/h. One of 
the feeders is close to or just above its current limit of 100 A when no charging 
load is investigated. Therefore, no additional load can be introduced within the 
distribution network. When an added charging load is simulated, other feeders 
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also get overcurrent situations and the entire network therefore needs rein-
forcement or has to be rebuilt to manage future charging power. 

Table 13 presents the five hours with highest power use for City network 1 
when the charging strategies are A and B. The electricity use without the added 
charging load is also presented.  

Table 13. The five hours with highest power use for City network 1 when the charging 
strategies are A and B. 

Charging strategy A 

Date Time Total use of  Electricity use  
  electricity without charging 
    kWh/h kWh/h 

08-01-2016 17 - 18 274507 203740 

16-01-2016 17 - 18 265597 210230 

14-01-2016 16 - 17 258150 211950 

16-01-2016 16 - 17 257910 222160 

15-01-2016 18 - 19 257410 235410 

    
Charging strategy B 

Date Time Total use of  Electricity use  
 electricity without charging 
    kWh/h kWh/h 

08-01-2016 17 - 18 264627 203740 

16-01-2016 16 - 17 257673 222160 

16-01-2016 18 - 19 254073 218270 

15-01-2016 18 - 19 253783 235410 

14-01-2016 16 - 17 252410 211950 

 
Table 13 shows that charging strategy A and B increase the power use in the 
late afternoon and early evening when the end-users commonly returns home 
and use electricity for cooking etc. The power limiters used in charging strat-
egy B has a minor effect on the total power use. 

Table 14 presents the five hours with highest power use for City network 1 
when the charging strategy is C where all charging is evenly distributed be-
tween 12:00 AM and 6:00 AM. The electricity use without the added charging 
load is also presented. 
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Table 14. The five hours with highest power use for City network 1 when the charging 
strategy is C. 

Charging strategy C 

Date Time Total use of  Electricity use  
  electricity without charging 
    kWh/h kWh/h 

15-01-2016 04 - 05 240040 205940 

16-01-2016 00 - 01 236623 205640 

15-01-2016 00 - 01 236010 201910 

15-01-2016 18 - 19 235410 235410 

16-01-2016 04 - 05 235403 204420 

Charging strategy C delays the charging to night hours and the maximum 
power use is lower than for charging strategy A and B. Note that one of the 
listed power usages is an evening hour when no charging takes place. 

Table 15 presents the five hours with highest power use for City network 1 
when the charging strategy is D and E. Charging strategy D charge the vehicles 
during night hours with full charging power and is charged according to the 
lowest spot price of electricity. In charging strategy E, a power limiter is used 
by the end-users. The electricity use without the added charging load is also 
presented. 
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Table 15. The five hours with highest power use for City network 1 when the charging 
strategies are D and E. 

Charging strategy D 

Date Time Total use of  Electricity use  
  electricity without charging 
    kWh/h kWh/h 

15-01-2016 03 - 04 335763 231630 

18-01-2016 03 - 04 320297 144480 

16-01-2016 04 - 05 315887 204420 

14-01-2016 03 - 04 313640 160740 

06-01-2016 02 - 03 313463 149930 

    
Charging strategy E 

Date Time Total use of Electricity use 
  electricity without charging 
  kWh/h kWh/h 

18-01-2016 03 - 04 296527 144480 

13-01-2016 03 - 04 296187 125500 

15-01-2016 03 - 04 294867 231630 

17-03-2016 01 - 02 292913 80990 

16-01-2016 04 - 05 290263 204420 

 
Charging strategies D and E has the highest power use of the investigated 
charging strategies. The power limiter in charging strategy E decrease the max-
imum power use in the network but the total use of power is still higher than 
charging strategies A, B and C. 

Figure 24 presents load-duration diagrams with the 1000 highest hourly 
current levels for the investigated low-voltage distribution networks. Two 
feeders are presented for each network and the maximum current levels al-
lowed in the feeders are presented as horizontal lines. Charging strategy is 
called CS in the figures and the different feeders investigated in Paper V are 
here named A and B for the different distribution networks investigated. 
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Figure 24. Load duration diagrams presented with the 1000 highest hourly current levels 
for the investigated low-voltage distribution networks. The maximum current levels al-
lowed in the feeders are presented as horizontal lines. Charging strategy is called CS in 
the figure and the different feeders investigated in appended Paper V are here named A 
and B for the different distribution networks. 

Both City network 1 and City network 2 manage to deliver the additional 
power demands from all investigated charging strategies. If the feeder in Rural 
network 1 is rebuilt to manage 160 A instead of 80 A, the distribution network 
can manage the extra load from charging strategies A, B and C but not from D 
and E. 

When the voltage levels in the distribution networks are investigated, the 
minimum voltages for City network 1 and 2 together with Rural network 1 are 
within -5% of rated voltage at the end-users when the charging strategies are 
A and C. The voltage levels in Rural network 2 are not investigated since no 
additional load can be introduced in the area due to overloading situations in 
the feeders and in the distribution transformer. If each single-family house is 
assumed to have a 5kWp PV installation, the voltage levels remain within +5% 
of rated voltage at the end-users for City network 1 and 2 together with Rural 
network 1. Rural network 2 is not investigated and Rural network 1 is assumed 
to have the problematic feeder rebuilt to manage 160 A.  

This means that the city networks investigated can manage the increased 
power demand from the charging scenario with the different charging strate-
gies and a high share of PV installations installed since the voltage and current 
levels are within required limits. For the rebuilt rural area (Rural network 1), 
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except for one feeder, the network can manage the increased power demand 
from charging except when the charging strategy is D and E. The area can also 
manage a high share of PV installations. For Rural network 2, no additional 
load from charging EVs can be introduced since the network is already at its 
maximum according to delivering power to the end-users. 

The investigated low-voltage distribution networks are representative net-
works in terms of age, layout, etc., for the networks owned by Gävle Energi 
AB. Rebuilt rural networks are probably renewed with the same design philos-
ophy and similar results can therefore probably be seen in similar networks in 
Sweden built or rebuilt in the same period. It is likely that rural networks that 
have not been rebuilt cannot manage the additional power load from the charg-
ing scenario investigated in this article. 

The results in this article clearly show the differences in accumulated power 
demand between the different charging strategies. It is appealing for the end-
users to move the charging of EVs to when the lowest spot price of electricity 
occurs but there is a risk if many users use the same strategy and all charging 
starts at the same time with high accumulated peak power as a result. The fact 
that people arrive home at different times levels out the power demand if no 
charging strategy is used (charging strategy A). If the charging of EVs is de-
layed to nighttime and the charging power is adjusted for an even charging 
power, the accumulated power demand is lowest.  

General discussion 
When the traditional energy system changes and the existing building stock is 
changed to low-energy standards, it is important that different regulations, di-
rectives and incentives are formed to lead the changes in a thoughtfully planned 
direction. Those planned directions are commonly made by the government in 
different sorts of national regulating documents or documents covering larger 
areas and several countries. One example is the EU’s Energy Performance of 
Buildings Directive where the member states are obligated to ensure that new 
buildings must be nearly zero energy buildings by the end of 2020 [83]. 

Paper IV shows that heat pumps are a favorable technology compared to if 
a building is heated with DH when the energy efficiency (PE number) in a 
building is calculated according to BBR. The PE number is also lower when a 
ST system is used compared to if a PV system is used when the building is 
heated with DH.  

Paper IV also shows that global CO2 emissions are increased if the investi-
gated building replaces the heat delivered by a DHS that uses biofuels and CHP 
plants with heat delivered by heat pump systems. This is also presented in Pa-
per I where the results show that electricity use/production is the most im-
portant factor to consider when global CO2 emissions is investigated.  

The results of this thesis should not be interpreted such that different EEMs 
in the DHS are unnecessary. A lower energy use and heat load in buildings 
enables DH companies to extend their DHS without increasing their heating 
capacity. It is also important to use scarce resources as efficiently as possible. 
But the results presented in Paper I and IV is important since one of the main 
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objectives in the Energy Performance of Buildings Directive is to reduce the 
Union’s greenhouse gas emissions, and therefore it is questionable if BBR 
leads the change in the building stock in the planned and desired direction. 

When PV installations are installed on buildings, only the electricity that is 
used within the building boundaries (within the building) is included when the 
PE number is calculated. Papers II and III show that the monitored amount of 
self-consumed electricity is dependent on the electric meter configuration and 
the resolution of data used in the simulations when the electricity use and PV 
production are simulated for a single-family house. The PE number is recom-
mended in BBR to be verified by measurements which give different calcu-
lated PE numbers in different parts of Sweden if monitored data from the DSO 
is used since the electric meter configuration differs in different areas. 

Papers II and III also show the difficulties in predicting the amount of self-
consumed and produced excess electricity for a PV installation installed on a 
single-family house. In Sweden, there is a tax refund scheme that smooths out 
the economic difference but the tax deduction scheme is not guaranteed over a 
certain time and calculated revenue of the PV installation is therefore compro-
mised. The electric meter configuration is important for the monitored amount 
of self-consumed electricity and how the meter should be configured should 
be identical for all end-users for a fair market. This regards profitable PV in-
stallations but also when the PE number according to BBR is verified by meas-
urements. 

The energy system needs to adapt to changes in technology use and fulfill 
the expectations from the end-users to avoid disturbances in the transformation 
to low CO2 emission technologies. With the introduction of EVs and PV in-
stallations it is important that the power system can manage the changes. Paper 
V shows that rural low-voltage distribution networks need to be reinforced or 
rebuilt to manage the investigated future power demand from EVs. It is also 
shown that a distribution network that can manage the additional charging load 
from EVs can also manage a substantial share of PV installations. There are no 
incentives or regulations leading the DSOs to prepare the distribution networks 
to manage the loads and it is important that the DSO’s own work identifies 
bottlenecks and weak areas to avoid disturbances in the EV and PV market 
development. 

All papers included in this thesis are based on case studies or investigations 
made within a limited geographical area to study the objectives. This increases 
the possibilities for uncertainties but also makes it difficult to draw general 
conclusions for other areas in Sweden and/or other countries. Future research 
is therefore needed where the perspectives are widened and include different 
buildings, different geographical areas and different local variations such as 
climate, population density, etc.  
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5. Conclusion 

It is shown in Paper I that from a global CO2 emissions point of view, it is more 
important to save electricity than heat in buildings connected to DHS with a 
large share of industrial waste heat as base load and CHP plants as intermediate 
loads, as in Gävle, Sweden. Different accounting methods for CO2 emissions 
when the electricity use/production changes affect the results, but even if the 
CO2 emissions for the mean electricity mix in Sweden, Finland, Norway and 
Denmark are used in the evaluation, the global CO2 emissions are higher if a 
heat pump is used for heating instead of using heat from the DHS. 

Since the DHS in Sweden generally has low CO2 emissions due to the high 
share of renewable energy and low share of fossil fuels, the use of DH in build-
ings should not be disadvantaged in the Swedish building code, BBR. Paper 
IV shows that when the energy efficiency for a building is calculated according 
to BBR (the PE number), a building with a heat pump system for heating re-
ceives a lower PE number than if the building is heated with DH. It is also 
shown that if a building which uses DH and combines the heat delivered by 
the DHS with a ST system it receives a lower PE number than if DH is com-
bined with a PV system. 

When the different heating systems, with or without an ST or PV system, 
are investigated according to global CO2 emissions, it is shown that when the 
DHS mainly uses biofuels and produces part of the heat to the DHS with a 
CHP plant, the global CO2 emissions are lower if the investigated building uses 
heat from the DHS than if the building is heated by heat pump systems. It is 
also shown that a PV system is preferable compared to an ST system if the 
building uses DH. This shows that BBR favors technologies that increase 
global CO2 emissions and it is questionable if that is the intention of BBR. 

When the configuration of a bi-directional electric meter is investigated it 
is shown that the configuration affects the monitored amount of self-consumed 
electricity for a single-family house with a PV installation. For the investigated 
multi-unit apartment buildings, the difference in monitored amount of self-
consumed electricity is negligible.  

For the owner of a single-family house with a PV installation, when there 
is a difference in economic value between self-consumed and produced excess 
electricity, the configuration of the electric meter is important since the moni-
tored difference in self-consumed electricity varied between 24% and 55% for 
the building during the 12-month period investigated.  

In Sweden, there is a tax refund scheme that levels out the economic differ-
ence between self-consumed and produced excess electricity, but the scheme 
is ongoing and if the scheme ends or the level of the refund is decreased, there 
are probably owners of single-family houses with PV installations that have 
over-predicted the amount of self-consumed electricity resulting in a lower 
economic value of the produced electricity than expected. How the electric 
meter should be configured is not regulated in Sweden and different DSOs, 
who also own the electric meters in Sweden, can decide how the meter should 
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be configured. This should be corrected for a fair market. Since it is recom-
mended in BBR that the calculated PE number should be verified by measure-
ments, the electric meter configuration can also affect the verified PE number 
for single-family houses with PV installations if monitored data from the DSO 
is used or if the use/production of electricity is monitored with external moni-
toring equipment and the configuration is individual measurement of phases.   

In Paper V is it shown that the low-voltage distribution networks close to 
town centers are well prepared for the introduction of EVs with the correspond-
ing demand for charging. The investigated distribution networks close to town 
centers manage the extra charging load regardless of the investigated charging 
strategy used by the end-users. For the investigated rural networks it is con-
cluded that the distribution networks need to be rebuilt to manage the charging 
scenario used and the charging strategy used by the end-users is important to 
prevent overloading in the distribution networks. If the distribution network 
can manage the extra load for charging of EVs, the network also manages a 
high share of PV installations at the end-users. 

This thesis presents some aspects to consider when the traditional energy 
system is about to change in the near future. The objectives about the configu-
ration of electric meters and how BBR calculates the energy efficiency of a 
building with different technologies for heating and the resulting differences 
in global CO2 emissions are important aspects to consider for the future devel-
opment of the energy system. This thesis identifies and presents the incongru-
ity, but further research is needed to fully understand the issues and to suggest 
changes in necessary laws and regulations.  
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6. Future research 

All papers included in this thesis are based on a case study or within a limited 
geographic area to identify or analyze the objectives in the different papers. 
Future research should therefore focus on widening the perspectives and in-
clude more buildings, different geographical areas and different local varia-
tions in climate, population density, etc. 

Papers II and III investigate how the principal function of a bi-directional 
electric meter affects the monitored amount of self-consumed electricity. Fu-
ture research should focus on identifying the magnitude of the issue, whether 
the situation is similar in other countries, whether the conditions and then the 
results are similar as investigated in the papers, how the laws and regulations 
are designed and how the different incentives in the PV market are affected by 
the configuration. 

Paper IV investigates how the energy efficiency of a building is calculated 
according to BBR. Since the PE factors used to calculate the PE number will 
change at the end of 2020 and there is an ongoing discussion on how the energy 
efficiency of a building should be calculated and what PE factors to use, it is 
important that different proposals for the new versions of BBR is analyzed 
from a scientific view, as in this thesis. Future research should be performed 
and discussed for an equitable BBR that enables the future building stock to be 
energy efficient and have low global CO2 emissions.   

The future use of EVs is difficult to predict. In Paper V, one home-charging 
pattern is used. It is important to follow the development and modify or use 
different patterns to evaluate different future scenarios. It is also important to 
simulate different low-voltage distribution networks to see if there are any dif-
ferences between different parts of Sweden and in other countries. When there 
are large loads introduced, such as charging of several EVs or a high share of 
PV installations at the end-users, the power system upstream of the distribution 
transformer can be affected resulting in changes in voltage levels in nearby 
distribution transformers. This is not analyzed in Paper V and future research 
should involve larger areas.  
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