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Investigation of the current and future low voltage distribution network

A study what impact more renewable penetration will have on the current electrical
system

ERIK ANDERSSON

Department of Electrical Engineering

Chalmers University of Technology

Abstract

A rapid transition is taking place in the energy sector, where electric generation
is shifted from large, centralized power plants to small distributed and renewable
power production facilities. This transition is further accelerated by the European
Union’s ambitious package aiming to deliver a carbon-neutral European continent
by 2050. To achieve this, the network operators have major challenges ahead where
the low voltage distribution network who is responsible for delivering electricity to
the end-users is no exception. The development of new solutions regarding technical,
economic and regulations will play a key role in enabling this transition. The dis-
tributed system operators responsible for operation of the low voltage distribution
networks have adopt to these changes to provide an electrical network for the future.

Important solutions will be smarter technical products that can utilize the cur-
rent electrical system to allow for future development without massive investments
in new infrastructure. This will allow the network to operate in a much more flexible
way where flexibility markets will encourage and allow individual users to be part of
the electrical market, not only as consumers but also as producers of electric power.
Digitalisation of the electrical network aiming to better usage of electricity is also
going to be essential to support a more flexible electricity network. The regulations
currently in place also need to be updated to enable this future transition.
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1

Introduction

In the beginning of the twentieth century the rapid expansion of electrification in
Sweden and Swedish households began. This process has formed much of the elec-
trical system used today. Although many new technical innovations and solutions
have been implemented the fundamental design is still the same. In fact, some parts
of the electrical system have products that are over 100 years old but still to be
found in operation [1], [2]. The electrical system has furthermore become a more
important and essential part of our modern society.

With the introduction of more renewable energy generation new challenges have
emerged for the electrical networks, as generation is shifted from large centralized
production plants to small decentralized power generation sites such as wind or solar.
A large portion of this shift is predicted to take place in the low voltage distribu-
tion network where individual customers will move from being regular consumers to
also become producers of electricity. The low voltage distribution network is also
facing new challenges with the predicted higher usage of electricity as an energy
carrier where, for example fossil fuel vehicles are phased out in favour for electric
vehicles which are going to rely on the low voltage distribution grid to re-charge.
This renewable shift will change the low voltage distribution network design from
only delivering power to also act as a unidirectional network, where individual users
can be a part of the future global energy market, a new task for current DSOs.
This transition is further accelerated in the EU where the European Commission
has stated that the union should be climate neutral by 2050 [3]. A goal that will
depend on the electrical system to future develop and implement new solutions.

This is one of the driving forces why ABB Electrification’s business unit Kabeldon
is interested in what the future market will expect in terms of product development
and innovation. Kabeldon develops and manufactures mainly cable-cabinets and
accessories for the distribution network industry, which are essential components for
a reliable and safe network.



1. Introduction

1.1 Aim

The objective of this master thesis is to investigate what future challenges the low
voltage distribution will face, both in a technical, economic and regulatory perspec-
tive. The outcome will be an overall view which can help to highlight which areas
that are going to be of importance in the future low voltage distribution network.

1.2 Problem under investigation

The purpose of this master thesis is to give a general overview of the current situa-
tion of the low voltage distribution network, where factors such as technical design
and regulations will be investigated. Furthermore, the thesis will analyse the im-
pact of more renewable penetration to the distribution network. More specific what
impact new installations such as EV and PV will have on the current network and
what products and solutions need to be considered in the future.

Moreover, the thesis will analyse the low voltage distribution network from a DSOs
perspective where Swedish and European trends will be used. The thesis will not
limit itself into a set future time span but will instead limit itself to already existing
technologies and its known limitations.

The definition of the low voltage distribution network in this thesis corresponds
to the equipment in the network with an operating voltage between 0.4 - 40 kV.



2

Theory

The implementation and design of electrical networks differs between nations around
the world, although the main layout is based around a transmission network handling
the bulk transfer of electric power inside or between countries and a distribution net-
work responsible for connecting individual customers.

This master thesis will focus on the Swedish system which is divided into two main
parts, the transmission network and the distribution network. The distribution net-
work is further divided into two parts, the regional network and local network [4]. In
this report the local network is referred to the low voltage distribution network.

o The transmission network use 400 or 220 kV and is operated by the Swedish
TSO Svenska Kraftndt who have exclusive concession rights at these voltage
levels.

o The regional network primary use voltage levels between 130 - 40 kV and is
operated by different operators with concession rights to the specific line or
area. These are used to connect the low voltage distribution and transmission
networks together.

o The low voltage distribution network use voltage levels between 40 - 0.4 kV
and is operated by a wide range of different operators with concession rights
to the specific area. These networks are used to connect the end customers to
the electrical grid. The primary voltage levels used in the Swedish low voltage
distribution networks are 20, 10 and 0.4 kV, although exceptions do exist [5].



2. Theory

2.1 Electricity regulation

Around the world there exist many different types of regulations and technical solu-
tions to distribute electricity, where it is common to find different kind of regulatory
authorities in different countries. The electrical networks around Europe share many
similarities in technology and especially regarding regulations. In general, each coun-
try has its own TSO as a result of natural monopoly. These operators are responsible
for the bulk power transfer in the high voltage networks, some exceptions exist such
as Germany who has four different TSO operators [6]. Historically the TSO’s have
enabled power transfer within the country itself. However with the deregulation of
the power industry in Europe starting around the 1980-1990s, the T'SOs play a key
role in cross boarder power transfer and open electricity markets [7], [8].

Unlike the T'SOs, the implementation regarding DSOs around Europe differs consid-
erably between countries. In some European countries only one DSO will operate
in the whole country, while in others multiple DSOs can operate different parts
of the electrical network. An example of the later case is Germany who have 883
different DSOs while Ireland has only one. The reason for this is mainly due to
historical aspects related to the beginning of electrification in each country [9]. A
common characteristic with all DSOs is that they, like the TSOs, operate in a natu-
ral monopoly where capital intense investment is needed to an establish functional
network [7]. Due to this fact and the regulations set by the European Commission,
authorities in each country regulate this kind of operations. The regulations are
mainly concerning the DSOs possibility to charge its customers as well as maintain-
ing a high level of efficiency in the network. The main purpose of the regulations
is to ensure the DSOs provide a non-discriminatory access to the network, meaning
all users should have the same ability to connect and interact with the electricity
market [10]. To enable the future of clean renewable solutions across the European
continent, the EU is strongly involved in this sort of regulation with the main objec-
tive to enable homogeneous regulations across the union. This was recently updated
in 2019, where many changes were made regarding regulations to adopt to the EU’s
new package regarding clean energy for all Europeans [10], [11].



2. Theory

2.1.1 Regulations in Sweden

As previously mentioned, the specific regulations differ between countries. The nat-
ural monopoly related to electrical networks in Sweden is regulated by the Swedish
electricity law (sv. Ellag) 1997:857 for which the government agency Swedish Energy
Markets Inspectorate (sv. Energimarknadsinspektionen) has the purpose of manage
and monitor the different operators on the monopoly market [12]. As a result of the
Swedish membership in the EU the agency’s regulations and the Swedish electricity
law is a direct consequence of the regulations set by the European Commission [10].
According to the law, Swedish network operators should operate their network in
a secure, reliable and efficient way, furthermore the operators shall operate in an
open, non-discriminatory and market-oriented way [12].

The Swedish electricity law regulates the network operators with two main types of
concessions. These are concession for a line (sv. Natkoncession for Linje) and con-
cession for an area (sv. Natkoncession for Omrade). The main difference between
these two is that a concession for an area licence the operator to exclusively operate
an electric network within that area, while concession for a line licence the operator
the right to operate a specific line at a specific location. The different types of con-
cession regulate other aspects such as what voltage level the operator is allowed to
use [13]. One example of concession for a line is the Swedish TSO Svenska Kraftnét
which has the exclusive concession rights to operate 220kV and 400kV networks,
another example are the regional networks.

DSOs operate in most cases within their own concession rights for the area they
are located within. This enables them to build their network more freely as they
are not required to seek new concession rights for changes made to the network.
This might include new cables or lines that are built within their operation. The
concession right itself is further more followed by rules that defines the maximum
voltage level that line or area can operate within. A typical example of this is
Goteborg Energi for which their area-concession enable them to exclusively operate
a distribution network with a voltage level up to 20 kV in the Gothenburg region,
but require them to apply for individual line-concession rights for their own 130 kV
network located inside their area-concession. Regional and transmission network
operators are required to request new concession permits for any changes to the
network. Multiple line-concessions located within one area-concession can exist but
not the opposite. These regulations are regulated by the Swedish electricity law [12],
which not only regulates the concession rights but also factors such network tariffs,
revenue limits and interruption compensation for customers.



2. Theory

A central key concept with the concession regulation is that every area or line is
strictly regulated regarding revenue limits which are set in advance over a period of
four years. This is done to make sure the network is operated effectively and that
fees are reasonable, objective and non-discriminatory to the customers. The revenue
limits are directly connected to the cost related to the operation of the network and
consists of two parts, the capital cost and operating expenses [13].

Capital costs are mainly the cost related to assets in the network, such as transform-
ers, switchgear, cables etc, which forms the capital base. Other financial parameters
such as depreciation and return of assets are also included. The assets in the net-
work are calculated using a list of normal value for specific components provided by
the Swedish Energy Markets Inspectorate.

Operating expenses are further divided into unaffected and affectable costs. The
affectable costs relate to expenses that the operator has the ability and incentive
to affect. Examples of these are maintenance, measurement costs, etc. The un-
affectable costs relate to expenses that the operator does not have the ability to
affect. Typical examples of this are charges to overlaying regional networks or fees
to government agencies.

Until recently, losses in the network where classified as an unaffectable cost. This
has recently been changed by the Swedish Energy Markets Inspectorate to adopt
to the directive from the European Commission which aims to increase the overall
energy efficiency in the EU [14], [15].

2.1.2 Redundancy Criteria

The implication of the redundancy criteria in electrical networks is that there should
always exist an extra branch or similar solution to ensure power is not interrupted
in case of a fault. This methodology is widely used in electrical networks as a
mechanism to provide a stable network and to allow maintenance to be done without
the need for interruptions for the users. This is sometimes denoted as the N-1
contingency.
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Methodology

This section describes the main methods used to complete the work presented in this
master thesis. Most of the work is dedicated to present new theories and insights
on an overall level for the whole distribution network, rather than specific parts of
the system. The result is obtained mainly by doing an analysis of the current situa-
tion which is then followed by a second part dedicated to present possible solutions
and discussions from what is presented. The thesis will in general focus specific on
Swedish distribution networks, but other parts of the European union and the rest
of the world will also be covered.

The main result of the thesis will primarily be based on an analysis on techni-
cal, economic and regulatory aspects with a deeper focus on the technical subjects.
These three areas will supplement each other to present a result that include them
all. To establish this, information will be gathered from a technical work done in
the industry as well as research. This will further more be supported by interviews
with Swedish DSOs where industrial experience will be gathered, primarily of how
the DSOs operates the networks and potential challenges that exists.

Relevant economical information will primarily be gathered from guidelines from
the Swedish electricity grid association guidelines (sv. ElnédtsBranschens Riktlin-
jer). This is done to present a result that is comparable to the cost estimations
used by the industry. The regulatory aspects will deeply focus on Swedish laws and
regulations set by the Swedish Energy Markets Inspectorate. Since much of the
regulations in place in Sweden are implemented as a direct result of the European
commission, regulatory aspects on an European level will also be covered.



3. Methodology

3.1 Interview study

To further study the Swedish DSO’s operations an interview study was conducted
with six different DSOs during the beginning of the thesis. This to get a general
opinion of how the operators operate the network and their vision for the future.
The primary questions that have been asked are the following:

o How is the grid operated today?

o What challenges do you experience today?

o What challenges do you predict in the future?

o What are the possible solutions to address these potential challenges?

The interviews have mainly been conducted in the beginning of the thesis to estab-
lish a general focus area of the report as well as introduce the problems and solutions
that might be valid for the project. The interviews have covered the three analysis
area of the report (technical, economic and regulatory).

The following list describes the different DSO that have been contacted as part
of the interview study for the thesis. The list includes a reference to the specific
person who have been interviewed at the corresponding company.

Electrical Company
Alingsas Energi Néat AB [16]
Sollentuna Energi & Miljo AB [17]
Lerum Energi AB [18]
Goteborg Energi Nat Aktiebolag [19]
Malarenergi Elnét AB [20]
Vésterbergslagens Elndt Aktiebolag [21]
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Results and Discussion

In this section the result and discussion of the master thesis will be presented. This
will be done in two main parts. The first section will try to identify the current and
possible future problems in the low voltage distribution network. This section will
also include some descriptions of how the distribution network is designed today. The
second part will present possible solutions and discussions based on the information
presented in the first part as well as technical, economic and regulatory aspects.

4.1 Identifying Potential Challenges

This section aims to identify potential or existing challenges in the current low
voltage distribution networks. The section will focus on topics that are relevant
from an DSOs point of view.

4.1.1 PV Installations

As the price of solar panels has dropped significantly in recent years it has become
more and more popular to install PV systems around the world. This also applies
to Europe and Sweden where figure 4.1 illustrates the number of PV installation in
Sweden between 2016 to 2020 [22]. Although the data do not specify to what kind
of electrical network the PV installations are connected to, it can be assumed that
a large portion of the installations below 20 kW are connected to the low voltage
distribution network due to its relatively low installations capacity. Also included
in this statistic are the PV installations with a capacity above 1000 kW but as very
few exist they have been excluded in the figure, (a total of 22 installations where
installed in 2020).



4. Results and Discussion

Number of PV installations in Sweden 2016 - 2020
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Figure 4.1: PV installation in Sweden between 2016 to 2020 [22].

These installations correspond in terms of total energy produced to a very small
amount of the total Swedish electricity production [23]. But with more installations
adding up every year and the fact that prices of PV panels are still dropping PV
generation has a potential grow in the Swedish energy generation mix. As much of
this can be expected to take place in the distribution network the DSOs are facing
new potential challenges connected to this, as their roll is shifted from only deliver-
ing electric power to the end-user to also enable the end-users to become producers.
A futuristic scenario might be that a large portion of the Swedish energy mix is
based on distributed renewable power production where individual users become
net exporters.

From the interviews performed with the different DSOs, none of the selected an-
swered that they have experienced any major problems related with PV installa-
tions in their networks. The problems that have been reported are mainly related
to larger installations that have been installed in weak networks far away from the
transformer where voltage stability has been an issue.

10



4. Results and Discussion

4.1.2 Electric Vehicles

Likewise with the PV installations, the number of electric vehicles have increased
in a rapid pace in Sweden. Figure 4.2 illustrated the number of registered electrical
vehicles per year and by type [24]. The interesting technologies are BEV and PHEV
as they primarily use the electric network to charge whereas HEV technology has
no capabilities of charging via the electric network.

New registrations of electric vehicles in Sweden 2006 - 2020
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Number of Vehicles
w
[=]
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- I | | I| ‘l
, . n 01 = n = u 1 | II A0 all |

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

HBEV mHEV PHEV

Figure 4.2: New registrations of electric vehicles in Sweden between 2006 - 2020
[24].

The potential rapid grow of electric cars, both PHEV and BEV will face new chal-
lenges for the distribution network as charging is going to take place at home, work
or at larger EV charger installations. Depending on manufacturer and car model it
is not uncommon to find 16 A single or 16 A three-phase on-board chargers. It can
be assumed that individual chargers will use the on-board chargers and therefore
use regular 230/400 AC outlets. For a normal household the electric car has the
potential to become the largest consumer of energy which historically, at least in
Sweden has been electric heating. Using the assumption that a full EV car consumes
approximately 0,2 kWh/km and that each car in Sweden drives approximately 30 km
per day, a normal user will need 6 kWh of energy from the electric network each
day:.

11



4. Results and Discussion

The potential problem is if every user will connect in their vehicle for re-charging at
the same time interval, for example when reaching home during the evening. Then
this problem will become real if every user maximises their electric charger at for
example 16 A, or in some cases having several EV vehicles for the same household.
As most EV are based on lithium-ion technology which will accept full power up
until about 60-70 % SOC it is possible that a local congestion in the electrical net-
work of a neighbourhood can occur during specific periods. As many DSOs by today
charge for a fixed maximum power tariff, there is no real incentive for the end-user
to change its behaviour [25].

The reverse problem is also possible in the case the vehicle-to-grid theory is realized
and many customers want to sell their stored energy during the same time.

4.1.3 Network

Due to the regulations regarding guaranteeing a secure delivery of electricity the
DSOs electric networks must guarantee a high-level of reliability to the end cus-
tomers [12]. This regulation has since the past decades become more and more
strict in terms of acceptable down time minutes per year, usually denoted as the
SAIDI-index. The number of downtime minutes per customer has historically im-
proved over the EU continent, where Sweden today ranks within average [26] [27].

In Sweden specific, the regulations state that the DSOs are required to compen-
sate for any interruptions longer than 12 hours with increasing penalises for every
extra 24 hours period [12]. Due to the regulations which are monitored by the
Swedish Energy Markets Inspectorate, Swedish DSOs are highly motivated to en-
sure the stability, not only by high penalties but also because they are able to get
a return on the investments made in the network, in terms of adding this to their
total capital base.

As a result of this the de facto standard in Swedish city and urban installations
is to install underground cabling in the high voltage distribution network stretching
from 10 kV up to 40 kV. The 400 V network is also covered by this de facto standard

[5].
Cases where overhead lines dominate are mainly in the countryside where espe-

cially high voltage distribution networks tend to use overhead lines due to a large
difference in cost compared to cables [5], [28].

12



4. Results and Discussion

4.1.4 Power Demand and Flow

By today the majority of the power flow in the distribution network is unidirectional
due to the nature of the current system, where power is generated in one end and
consumed in the other end. The transmission network has by some aspect adopted
this with the introduction of renewable distributed generation, for example large
scale wind farms. For the low voltage distribution network this has not yet been
introduced in a large scale, only smaller installations like PV installations are in use.

With the introduction of more distributed renewable installations at individual cus-
tomers, new problems might occur that was not expected when the network was
designed, where areas old as from the 1940-1950s can be found in operation [2].

4.1.5 Voltage Stability

One of the concerns related to voltage stability and to reverse power flow is the
problem when large PV installations are placed in the far end of weak radial net-
works, typically agricultural farms which some of the interviewed DSOs can witness
about. The problem itself is caused by the high impedance in often very long 400 V
cables or overhead lines connecting the end customers to the feeding transformer.

The reverse problem to under-voltage, over-voltage is traditionally a problem in
unloaded branches of the electrical network. By installing PV installations there is
a possibility for over-voltage to occur in conditions when PV production is high and
the local demand is low.

Another challenge with renewable power production, especially with wind and solar
is that it is due to nature, more unpredictable compared to other regular production
types. This will introduce challenges to the whole electrical grid but looking specif-
ically at the local distribution network the challenges are as previously described
related to the new reversed power flow and voltage stability. An example where
weather can cause issues are fast moving clouds over a specific geographical location
covering many PV installations.

13



4. Results and Discussion

4.1.6 Diversity Factor

The optimization problem related to system design of the distribution network has
always been a challenge for the DSOs as cost and capacity must be balanced when
the network is designed. Historically and still today are Velanders Method or simi-
lar constant-based methods used to estimate the maximum power outage per user.
Typical aspects that are taken into consideration when forming these constants are
what kind of heating is used (district heating, central heating, etc.) and the kind of
end-user (household, apartment, school, office, etc.).

Heavy industries and factories are often excluded from these normal calculations
as they are due to their large power demand often directly connected to the substa-
tion with high voltage [5]. A crucial parameter in the development of this calculation
is, at least in Sweden a typical winter day when the temperature is low and electric-
ity demand is high. This results in a system where utilization is high during some
periods while being low in others.

4.1.7 Electrical Safety

With EV and PV installations added to the network rare and new potentially dan-
gerous faults can be introduced, mainly due to the fact that both these type of
devices has a high energy concentration in form of high voltage DC capacity. Under
normal operation are EV cars of course not designed to export or leak anything,
but taking into consideration that a 400 VDC or higher voltage battery pack used
in many EV cars has a large short circuit capacity. The potential danger in case
of a fault should not be ignored as a fault can be very dangerous. If adding the
vehicle-to-grid concept, where EV car batteries are supposed to be attached to the
electrical network the rare but potential problem should not be ignored.

The same applies for PV installations where rare malfunction can cause serious
issues, especially as a PV panel is to be considered as being live all the time. A
potential but rare situation is if the network is taken offline due to maintenance
and one customer’s PV installation back-feed the whole network when maintenance
personal is working. There are already today routines in place for personal working
on electrical networks, for example always grounding prior to work. But the risk
exist that this routine is forgotten or simply ignored as this sort of faults are very
unlikely to happen.

The two described cases are certainly not likely to happen but as products are
placed inside the control of end-users it is hard for the DSOs to control the quality
and operation of these products. As both products can be seen as products designed
for the customer market it is up to the end-user to ensure the operation, safety and
maintenance. The same applies to ensure that the product follows the electrical
standards set by the manufacturer, such as electrical harmonic distortion or leakage
of DC currents.

14



4. Results and Discussion

4.1.8 Distribution Substations with Remote Control

From the survey made with the different DSOs, installations of remote operation of
the electrical network are in most instances always made in the primary receiving
stations where the incoming regional network is transformed down to 10 or 20 kV.
A contributing factor why this is the case is because relay protection with mea-
surement instruments are already installed in this end and connected to a central
SCADA system. On the outgoing 10 or 20 kV branches, measurements and control
in the distribution stations are not always the case.

Based on the survey made with the different DSOs some differences can be noted
for the 10 and 20 kV distributing stations. The DSOs tend to move into connecting
their transformer stations located in urban areas with monitoring equipment like
voltage, current and earth leakage detecting. This kind of installations are mainly
done on new deployments or when the whole station is upgraded due to age or sim-
ilar.

The main argument why to connect the distribution stations is that it will enable
better monitoring of the system and the possibilities to remotely operate breakers
in case of faults or similar. The opposite argument why not to connect them is
the fact that it will not add much value in terms for the network operator, as for
example fault clearing might still require service personnel to physically visit the
station to clear the fault. Another factor is that installing breakers will increase the
complexity of the network and therefore adding potential sources of error. Breakers
also need regular maintenance to guarantee their operation. In some stations the
breakers might never operate if no problems occur, why such investment could be
questioned.

In general, remote measurement and remote controlled breakers are of interest in
networks located in rural areas compared to stations located in urban areas. This is
mainly due to the fact that troubleshooting and transportation in rural areas takes
considerably longer time as distances are greater. This further justifies the cost of
installation for the DSOs as it reduces the downtime in case of a fault, this also
enable the DSOs to add this cost to their capital base.
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4.1.9 Single Phase loads

In a three-phase system that is widely used in residential installations in Sweden,
it is always favourable to have a balance between phases as it enables maximum
utilization of the system [5]. High current applications such as electrical machines
are in most cases three phase loads.

With an expected grow in PV installations their is a likelihood that many of the
PV inverters is going to be single phase, as many of these products are designed for
a global market where many households around the world are connected to single
phase with higher current capabilities per phase, compared to the standard of three
phase in Sweden. This can further also create problems for EV, where many plug-
in-hybrid cars are single phase only.

A possible scenario where this can cause problem is for example a residential area
with many individual households, whereby coincidence many of the PV installations
are installed on the same phase causing unnecessary congestion in the electrical net-
work. Although there exists several three phase inverters and other products for
end-user to balance phase currents, there are today no real benefit for the end-user
to invest in such products because of the high investment cost.
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4.2 Future Solutions

This section aims to present possible improvements and important factors to take
into consideration for the low voltage distribution network. Discussions will be based
on the presented challenges in previous section with the focus on technical, economic
and regulatory aspects.

4.2.1 Redundancy Criteria

With the current regulations from the European Commission and Swedish Energy
Markets Inspectorate the DSOs are strictly controlled by how to operate their net-
work. One of these regulations regulate how the reliability in terms of electrical
interruptions in the network shall be handled. As the Swedish electricity law (sv.
Ellag) has strict regulations to not allow any discrimination between different cus-
tomers, all penalty fees related to interruptions are the same for all customers [12].
This is one major reason why DSO has invested much into designing redundant net-
works with multiple branches and transformers in the high voltage network, which
in the end fulfils the goal set by the regulations.

A possible problem related to this method is when deploying large scale fast charg-
ing stations for EVs around the country. As an example, if a 150 kW fast charging
station with 20 parking spaces is constructed in an area with limited capabilities
in the existing distribution network, it is possible that the current network is un-
able to allocate the new 3 MW power needed. Taking the redundancy criteria into
consideration it is likely that two new transformer stations must be built just for
this specific installation. Another aspect to take into consideration is the utilization
factor for an EV charger which is going to vary heavily over the day with possible
periods with no utilization at all.

The Swedish Transport Agency estimated that an investment of about 550’000 SEK
is needed per fast charger of a capacity of 100 kW. 50 % of this investment is
estimated to costs regarding connecting the charger to the electrical distribution
network [29]. To shrink this, a cost trade-off between the redundancy criteria and
the user’s need for uninterrupted electricity delivery can be made. A possible sce-
nario might be that EV stations are connected using a simplified connection where
costs related to the connection is reduced at the expense of less reliable connection
to the electrical network. This sort of implementation needs adjustments in the
current Swedish electricity law.
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4.2.2 Network extension

A method to extend the current capacity in a network is adding an extra branch or
more branches to an already existing network. An example and typical implementa-
tion of this is, within a 10 kV ring network to add a third connection to enlarge the
power capability. This method can and is used widely at different voltages levels by
the DSOs. As well as installing this for resolving capacity related issues a possibil-
ity is also to install the branch as a precaution in new development, if future power
increase is expected to take place.

An important aspect to take into consideration when studying the financials related
to construction of a new branch of the network is the surrounding costs related to
the cable or line. Only about one fourth of the installation cost for a new cable
deployment is the cable itself, the rest are labour, machine and civil engineering
costs. An overview of cost related to deployment of cables is presented in table 4.1.

4.2.3 Single and Multi-conductor Cables

When installing underground cables, several different options exist such as type of
cable (PEX or PVC), diameter, single or multi conductor and type of placement in
the ground. The 240 mm? cable is often chosen in both 400 V and 10/20 kV instal-
lations due to its commonly availability and price. PEX insulated cables dominates
the market due to its many benefits over PVC insulated cables.

When designing and installing the cable a decision must be made over to choose
single or multi conductor. Where the main benefit of the multi conductor cable
being easier to install over the single conductor cable, due to only one physical ob-
ject have to be placed in the ground. This also means less machinery is needed
for installing. From the survey by the different DSOs the majority answered they
choose the multi conductor cable in favour of single conductor. As an exception did
one of the DSO answer that they use the single conductor alternative in most cases,
where the main reason is that the small cost increment is justified with the possible
decreased risk of failures and higher current capabilities.

One example of a decreased potential failure risk by using single conductor cables
is the quality of the cable joints as any type of phase-to-phase risks are eliminated,
joints are also generally easier to achieve when not bundling them together with
other conductors which is the case in multi conductor cables. Comparing the cost
for installation of a 240 mm? PEX single over multi conductor cable using EBR’s
statistics reviles, that there is about 7 % more expensive to install multi conductor
cables [28]. The EBR cost is presented in table 4.1 in thousand Swedish krona per
kilometre. No further research has been made where the decreased risk of failures
in single conductor cables can be verified.
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Table 4.1: Comparison of cable installation cost for PEX insulated 12 kV and 24
kV with single and multi-conductor [28].

Type Labour (tkr/km) | Material (tkr/km) | Machine (tkr/km) | Other (tkr/km) | Total (tkr/km)
PEX 3x240 12 kV 316.94 233.28 107.62 535.87 1193.72
PEX 3x1x240 12 kV | 319.52 311.41 104.93 535.87 1271.73
PEX 3x240 24 kV 314.49 264.41 101.58 535.87 1216.34
PEX 3x1x240 24 kV | 319.52 345.51 104.93 535.87 1305.83

4.2.4 1 kV AC Network

A possible alternative voltage level in the distribution network is the intermediate
1 kV level. The intended use case for this technology is to upgrade whole or parts
of an 400 V branch with 1 kV. From a market perspective a common type of appli-
cation is to step up the voltage using a 0.4/1 kV transformer in the sending end and
stepping down the voltage in the customers end via a 1/0.4 kV transformer. Other
possible implementations are to step down the voltage directly from a 10 or 20 kV
network down to 1 kV. Another possibility is to step down the voltage directly from
the regional network and completely skipping the 10 or 20 kV level [30].

Installations of this kind have been done in Sweden, although it is unknown how
many projects have been delivered and their overall performance. In the customer
orientated magazine Volt produced by the Swedish wholesaler Elektroskandia, a
1 kV network installation on the island Graso in the Stockholm archipelago is pre-
sented as a solution to enable new customers in an already existing 400 V network
to be installed [31]. Due to capacity limits in the 400 V branch and the long dis-
tance the 1 kV network was implemented as a compromise instead of installing a
new high voltage 10 or 20 kV branch. This enabled the installation to use already
existing infrastructure such as the poles for the overhead line. The system in general
consists of a 0.4/1 kV transformer in one end and another 1/0.4 kV transformer at
the customers end, making the solution transparent to the end-user.
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The advantage of this technology is that many low voltage components and cables
are already rated for 1 kV, enabling cost effective equipment to be sourced. The
main advantage from a technical point of view is that this technology allows higher
power transfer as well as decreased loop impedance compared to a 400 V system.
In theory, the power capacity is increased by a factor of 2.5 times by using 1 kV
instead of 400 V. A typical implementation of this from a DSOs perspective is to
strengthening the electrical system for users located in weak networks, for example
end-users located at the end of long line on the countryside. A bonus with the
technology is the possibility to use dry transformers, making installations easier in
an environmental perspective as no precaution to risk of oil leak has to be taken.

Other advantages with 1 kV networks are that standards and installation guide-
lines already exist, which makes system design and installations easier compared to
untested and uncertified systems. No active protection or relay control is necessary
for a 1 kV network as fuses are approved as a protection device. The market for 1 kV
approved fuses is however more limited compared to the high current fuses used in
400 V systems.

The disadvantage of this implementation is mainly related to the cost of the trans-
formers which approximately are the same for an equivalent 10/0.4 kV or 20/0.4 kV
transformer [28]. The implementation of replacing parts of a 400 V branch will need
two separate transformers, making the cost for this type of implementation even
higher. Also, the fact that a 1 kV network only delivers 10 % of the power transfer
capacity compared to a 10 kV, limits the technology feasibility to retrofitting ex-
isting installations for users in rural 400 V networks. For using this on an already
existing branch requires that the existing cable or line is rated for 1 kV operation
which may not always be the case. Another important factor to consider related
to this sort of installation is that by installing more equipment to the network, the
potential risk of failures and cost related to maintenance increase.

Possible future development of this technology can be to use adjustable tap changers
on the 1 kV transformers to effectively regulate voltage in networks where much load
variation can be expected, such as areas with many vacation properties or PV and
EV installations located in rural areas.
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4.2.5 Line Voltage Regulator

A possible device to use for voltage control in distribution networks are Line Volt-
age Regulators. The main functionality of this type of device, is by the help of a
transformer and power electronics to actively regulate the voltage on the secondary
side. Operation can be done in both boost or buck-mode, therefore it is possible to
both raise and lower the voltage. The technique used in these devices is not a new
design, instead it is based on research from the 1980s [32].

In recent years with increased PV installations around the world, voltage stabil-
ity issues in the distribution networks has become problematic in some networks
where both over and under-voltage can exist. As PV generation output can expe-
rience fast changes due to changing weather conditions over the day, meaning the
power output will change correspondingly. Since PV installations in one specific area
in most cases are connected to the same distribution network, meaning the power
output response will affect the voltage level in the whole network. In for example
weak networks, this behaviour can cause issues. In most cases the PV inverter will
shut itself off due to the over or under-voltage, this results in the DSO not fulfilling
their responsibility to deliver a stable connection to the electrical network.

By today most of the Line Voltage Regulators operate independently in terms that
the control equipment within the device measures the voltage and adjust it accord-
ingly. By introducing some outside data variables, such as weather telemetries and
installed PV capacity in one branch the response time and overall response perfor-
mance of this type of device can be improved.
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4.2.6 Flexibility Markets

With the renewable energy transition taking place around the globe new challenges
in the electricity market are introduced as large, centralized power production is
shifted to decentralized renewable power production. This shift and the fact that
the electricity usage is expected to grow has resulted in regulations expecting uti-
lization of the electric infrastructure and generation to be done more effectively. A
relatively new and proposed solution to address this is the introduction of flexibility
markets where the European Commission promotes this idea to help the EU meet
the goal of becoming climate neutral by 2050 [33], [11].

This flexibility market is supposed to integrate in all parts of the electrical net-
work, from bidirectional exchange between countries on a TSO level to individual
customers on a DSO level. The main principle of the flexibility system is to use
the fact that end-users in many cases have or are willing to exchange their power
flexibility for an economic value. A typical example of this is heating in households
where this is today controlled by thermostats which switch on and off accordingly,
independently of the situation in the electrical network. With the flexibility market
initiative, household would instead shift their electrical usage to other periods of the
day and by doing this they would get compensated in terms of trading electricity
to a lower cost. As a result migrating the congestion in the electrical grid. This do
not only apply to individual household heating, rather it can be applied to a variety
of grid connected technologies like EVs, heavy-industries and so on. The main idea
is to allow more capacity in the existing system by introducing and encourage a
flexible usage by enabling trading on a flexibility market.

Research is going on within this area, especially within the EU where many research
projects are founded by the Horizon2020 initiative. Much research performed is
within the TSO level and how nations should cope with the flexibility markets. On
the DSO and low voltage networks this potential change has many different chal-
lenges and benefits where it could enable the network to be used much more efficient
than what it is today. In some areas can the dynamic tariffs which are introduced
by some DSOs be seen as an introduction into enabling the flexibility for individual
household customers, by allowing them to transfer power on the DSOs network at
lower rate depending on time on the day [25].
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To sort financial compensation for the end-user and to push them to control their
behaviour, a solution often presented to facilitate this is to introduce aggregators
who serve the purpose to collect and aggregate or control the behaviour of a group
of end-users. These aggregators can then exchange this with the players on the elec-
tricity market, these players are mainly the electricity producer and network owners.
At the end, this will both benefit the end-users in terms of lower electricity costs and
benefit the market players in terms of flexibility services, which can enable them to
operate their production or network in a more effective way. The aggregators will
not only enable the end customer to buy but also to sell electricity in a more effec-
tive way. Therefore, driving the incentive for more installation of renewable energy
sources such as wind and PV.

An example of how this can work is that an aggregator has aggregated a group
of users with a total capacity of 50 MW. If for example the national TSO is expect-
ing a potential congestion in the network feeding a specific area, it can then ask the
aggregator market to exclude this load under the period this congestion is expected
to take place. By doing this the TSO will not be required to expand their network
in an inefficient way and at the same time the end-user will be financially awarded
for their flexibility by moving their load to another time.

Test of aggregation and flexibility markets has recently started in Sweden in the
Stockholm metropolitan area under the project sthlmflex which is a research initia-
tive by Svenska Kraftnét, Ellevio and Vattenfall [34].

As well as including the national TSO networks the DSOs must be included in
the flexibility market where they have the possibility to operate on similar com-
mercial permissions as the others, meaning they should be able to get some kind
of return from the flexibility market. As a result of the European Commission new
energy policy framework "Clean Energy For All Europeans' (proposed in 2016 and
completed in 2019) that aims to meet the EU’s climate goal of becoming climate
neutral by 2050 [11], the Swedish Energy Markets Inspectorate published in 2020
a new proposal with the purpose to meet these new requirements [35]. This new
proposal aims to provide new regulations especially applicable for the DSOs and
how they should behave in the new flexibility market.

These new regulations do not define exactly how the DSOs should implement this
into their distribution network, which is not the case as the Swedish Energy Markets
Inspectorate is a government agency whose purpose is to regulate the market and
not to provide technical system solutions. One of the larger challenges this regu-
lation will require from the DSOs are services that enable a flexibility market to
operate in an efficient manner in their network [35].
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A possible ethical concern with the introduction of flexibility markets is that this
solution will require the end user to understand and be more active on the electricity
market. For individuals that are not familiar or find electricity and the electricity
market difficult, this kind of shift might lead to this group of users being forced
outside this market. At the end it may result in these users paying a higher price
which in some sense can be seen as a discriminatory behaviour, which limits this
group access to electricity in the same way as everyone else. At the same time, it
must be weighed for the possibility to open the whole electrical grid to become more
effective and efficient. A possible solution to this might be to have a system in place
that automatically protect this group of users by placing these users in a default
aggregator group. Sort of similar to how the Swedish pension system works.

4.2.7 Electrical Meters

Electrical meters has historically mainly been used to bill the end customer its ac-
tive power usage. In the beginning this was done using an analog electromechanical
meters where the data manually had to be reported to the DSO. This only gave
the end customer the possibility to be billed over a long period of time, typically
only a few times every year. This resulted in the customers got billed a preliminary
consumption every month.

About 10 years ago where the DSOs forced to discontinue all meters that did not
have the capability to report on a monthly basis, this effectively removed all analog
meters and instead introduced digital meters with remote billing capabilities. The
main motivation for this requirement was to enable the end customer to be billed
on a monthly basis and to be able to participate in the electricity market [36]. This
also led to less administration for the DSOs as billing got more automated.

In 2018, the Swedish Energy Markets Inspectorate lunched new technical require-
ment for smart meters and by 2025 all existing meters should be replaced with meters
fulfilling the new directive set by the European Commission. The main difference
from previous requirements is that the meters shall be able to remotely report at
a minimum of 15-minute interval, report power outages and other faults as well as
enable the end-user an open connecting point to the meter for them to connect their
own equipment [37].

These smart meters are often described as a keystone in the flexibility markets
which in some aspect can be described as a part of the smart grid concept. The
main purpose of the smart meters, are according to the European Commission to
enable the end-user to participate in the digitalisation of the new evolving energy
markets via "several different functions' [38]. The Swedish Energy Markets Inspec-
torate presented in 2017 a proposal of seven functional requirements for the new
smart meters that are required to be installed before the end of 2025 [37].
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These seven functional requirements are:

o Extended measurement data - Measurements shall be done per phase where
voltage, current, active and reactive power is measured. Furthermore, shall
the meter be able to measure input and output power.

o Open customer interface - The end-user shall be able to connect via an interface
to the meter and access the measurement data in close to real time.

o Remote reporting - The meter shall apart from remotely report the power con-
sumption also remotely report measurement data and network interruptions.

o Hourly reporting of amount of transferred active energy - Reporting of ac-
tive power shall be reported every hour with the possibility to reporting at a
minimum of 15 minutes.

o Registration of interruptions - The meter shall be able to register interruptions
longer than three minutes in one or more phases.

o Remote Upgrades - The DSOs shall be able to remotely upgrade the firmware
and configuration of the meter.

« Remote activation and deactivation of customer - The DSOs shall be able to
activate and deactivate the electricity for customers remotely.

An important factor to take into consideration with the deployment and usage of
smarter electrical meters is the personal integrity for the individual end-users and
households. By today the reporting and information exchange is limited where
mainly billing of electrical consumption is made.

With a more frequent and regular reporting, down to 15 minutes or possible even
close to realtime in the future, it is important that the information from the meters
is treated in an ethical and secure way. This because it is possible to use the infor-
mation collected from the electrical meters to monitor the behaviour of the users,
such as when reaching home or in some cases what appliances the end user is using.
This information would traditionally only be used by the DSOs but with the intro-
duction of flexibility markets and aggregators some information might be necessary
to share for the system to operate. In such case it is important that regulations are
in place to limit what information is exchanged, and that the information that is
exchanged only provides information that is necessary. It is also of importance that
the data that is necessary to exchange is shared in a way that limits the amount of
personal data and at the same time fulfils the data requirement needed.
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4.2.8 Usage of Big Data from Meters

With the introduction of the new meters many new opportunities emerges for the
DSOs regarding the possibility to use data. From the interview study conducted
with the different DSO, the main opinion is that they see great opportunity in this,
but do not have the capacity and capabilities to develop tools themselves to utilize
this data. The capabilities that the DSO already utilize from the new meters are
mainly related to monitoring faults at the end-user, such as loss of connection or
fault due to loss of neutral conductor.

There are many possibilities to develop methods and products to further use this
data, especially if the big data concept is considered in the distribution network.
For the DSOs network infrastructure it opens up several new features by using this
data to find potential bottlenecks or troubleshooting faults.

A possible implementation of the massive data the DSO has at their disposal, is
combining the geographic information system (GIS) data which describes the phys-
ical layout of the electrical network, electrical specification of components in the
network such as cables and transformers and metering data from the end-user’s
smart meter. As all variables of the network are then known and easily accessible
in a database or similar structure, and the fact that the new electrical meters can
report detailed electrical data such as individual current and voltage magnitudes,
active and reactive-power and more. By then combining all this data and performing
calculations it is possible to create a system that can give very detailed information
for each component in the network, such as loading in an individual cable or phase
currents in a specific cable cabinet at a specific location.

A challenge for such a system is that the network topology can change significantly
in different parts of the network, meaning simple Kirchhoft’s circuit laws cannot be
used. But as electrical data in many points in the network are known, a machine
learning algorithm should be able to handle these calculations where it automatically
can compensate for errors by using the massive data available. Other measurement
points can if necessary complement the electrical meters at the end-users, such as
meters in the transformation stations. In the end, this kind of implementation will
not require a massive installation of measurement devices in all parts of the net-
work, instead it will use already existing infrastructure meaning investment in new
hardware will be limited.
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This can further be developed into many useful applications such as heat maps for
the whole network where the DSOs easily can see current and potential issues based
on the real actual network rather than relying on manual simulations which do not
include individual measurement data from end-users. This information can also be
used as a valuable resource when the DSOs design new networks, or in the case of
capacity related issues give information what branch the capacity problem is located
at.

Another possible function with this type of system is to perform electrical calcu-
lations in close to real time, where the limitation will be the possible 15-minute
delay from the electrical meters. Performing close to real time measurement and
calculations would enable the DSOs to use this kind of system not only for diagnos-
tics purposes but also as a complement to the ordinary operational control of the
network where faults can be predicted before they occur.

As the DSOs are regulated to operate the network as efficient as possible this sort of
system would make sense in an investment perspective as it can reduce unnecessary
costs related to inefficient design caused by over dimensions in the network. It may
also help the DSOs to faster react to possible issues and therefore reduce the amount
of costly customer interruptions.

Another factor to take into consideration is that this kind of system does not have
to be developed as a critical application for the network operation. This means
cheaper non-critical sensors can complement the system, such as temperature sen-
sors on transformers. This can then enable more applications to integrate into
this kind of system. For example, shift scheduled maintenance and replacement to
condition-based on the components in the network. In the end this could enable a
more circular economy with savings in both costs and environment.
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4.2.9 Energy Storage

The interest in different energy storage solutions has in recent year witnessed an
upsurge in interest, mostly due to the technical developments in battery technology
which has resulted in higher capacity batteries at a lower cost. This have for exam-
ple contributed (or is contributed by) to the rapid expansion of EVs. Batteries have
also gained interest in the electrical networks as an energy storage solution, which
by some means is not a completely new technology as energy storage has existed
in the hydroelectric industry for a very long time. The revolutionary aspect is that
they, as many other technologies in the electrical network, can be decentralized. It
is already today possible for individual users to buy battery storage system to tie
into their own household.

The EU research project BATSTORM estimated in a report from 2018 that it is
not unlikely to see a price reduction of up to 50 % in lithium-ion batteries until
2030. The report furthermore estimates a rapid grow in installed distributed energy
storage devices in the EU. From about 200 MW installed in 2018 to 5000 MW in
2026 [39].

This price reduction in battery technology has already today increased the interest in
investing in battery systems as energy storage. There are today many commercially
available battery storage systems from different manufactures designed for individ-
ual households. A lot of research is going on in this area as well as industries who
are commissioning full scale installations. An example of this is the Swedish com-
pany Vattenfall who in late 2020 finished installation of a pilot project of the largest
battery storage system in Sweden (by today). The primary aim of this installation
other than providing useful research is to help with the local increased shortage of
capacity in the Uppsala region. The total capacity of this specific installation is
approximately 5 MW and the total energy is approximately 20 MWh [40]. Another
aspect to take into consideration regarding especially larger battery installations is
that they do not require any time consuming and complicated concession rights for
installation, which is otherwise a challenge for construction of new power lines.

The Swedish regulation by today state that a DSO is not allowed to produce or
trade electricity, except if the purpose is to cover its own network losses or to tem-
porary produce electricity to provide electricity in case of an interruption in its own
network [12]. As a result of this the DSOs are limited in terms of what capabili-
ties they have to operate an energy storage in this potential growing market. The
European Commission further specifies this in a directive from 2019 regarding the
internal electricity market, where the commission specifies that "System operators
should not own, develop, manage or operate energy storage facilities', instead they
should be "market-based and competitive'. The European Commission also spec-
ifies some exceptions which mainly relates to the same exceptions as the Swedish
regulations [10].
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Another usage of different energy storage solutions is to integrate them into a mi-
crogrid system, for which in recent years has gained much attention in the industry
as a concept that could function in the real world. Many different implementations
of the microgrid structure exists already for different use cases and applications. An
interesting layout especially for the low voltage distribution network is to integrate
microgrids with an energy storage solution. This in order to reduce capacity related
issues and allow more renewable production to be integrated into an already existing
network. Microgrids can also work in island operation, meaning off-grid solutions
is possible [41]. Vattenfall is currently installing a test pilot on the Swedish island
Arholma in the Stockholm archipelago. The aim of this installation is to increase
the quality in terms of stable and reliable delivery of electricity, and at the same
time enabling more renewable power production to take place on the island [42].

An important factor to take into consideration with more energy storage solutions
and especially battery storage solutions is the material used in the battery cells.
There are already today some rare earth materials used in different type of battery
chemistry. With the potential growth in the battery sector there is a possibility
other material will become problematic in the future, due to limited availability or
difficult processing. Which may result in unfair working conditions or high negative
environmental impact.

As a result of new regulations from the European Commission, new laws regard-
ing conflict minerals in the EU came in full force as of January 2021 [43]. Although
these regulations mainly affect importing of tin, tantalum, tungsten and gold for
the distributors, these sorts of regulations might also expand to other rare materials
used specifically for different types of batteries. This might impact the deployment
rate as installations of large scale battery storage solutions might not only depend
on the price, but also on materials being gathered in a sustainable and fair way.
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Conclusion

The energy sector’s shift towards using more renewable sources have resulted in a
high interest in electrical networks as they will play an important role in the con-
version to a more sustainable future. The importance of especially flexibility in the
electrical distribution industry is therefore crucial to allow new technologies and
solutions to be implemented to accelerate this conversion. Key factors that must be
addressed are technical development, digitalisation and regulations.

The development of technical solutions mainly relates to appliances that will en-
able a smarter utilization of already existing infrastructure and new products that
will allow a more effective usage to be implemented. It is not unlikely that combi-
nations of these technologies will exist, such as hybrid networks consisting of micro
grids working in conjunction with existing distribution networks. The development
of traditional products must adopt its equipment to function in a future network
with a high amount of renewable penetration, meaning product requirements have
to take flexibility and digitalisation into consideration. This can for example be
sensors or methods used to measure the lifetime of a component based on condition
rather than age and therefore contribute to a more circular economy.

The importance of introducing digital solutions to the distribution network relates
mainly to enable a more total efficient usage of already existing and future equip-
ment. This can lead to less investment in capital intense applications such as an
extra transformer where a digital platform can monitor the whole network and mak-
ing this sort of investment unnecessary, resulting in a more efficient network. As
distributed renewable power production is introduced to the distribution networks,
flexibility is going to play a key role where the DSOs digital systems must integrate
with the end-users and electrical market in a more dynamic way. This for them
to keep up in both a technical and economical way in the new evolving electricity
market.
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At last, the regulations that are in place today must adopt to allow future technology
to operate on the monopoly market and at the same time ensure its fundamental
purpose, which is to deliver electricity to consumers in an efficient, cost-effective
and reliable way. Many of the current regulations in the EU are already today in
the investigation phase to enable a smooth introduction of more renewable energy,
both in production and consumption. Regulations regarding flexibility markets must
clearly define what purpose and position the future DSOs will have in the electrical
network. The regulations for the DSOs investment profile related to the capital
base have to become more flexible to ensure and stimulate the operators to invest
in solutions that will gain all parts of the electricity market.

5.1 Future Work

From this thesis several future challenges and solutions for the low voltage distribu-
tion network have been presented. Many of these will require further investigation,
especially those regarding new products and services. Listed below are topics this
work has touched upon and found to be interesting for further research.

o Study the impact from more active equipment in the network in terms of volt-
age stability and harmonics. Preferably by performing simulations or measure-
ment in parts of the network where this sort of products are already installed.

o Investigate what more flexible behaviour in the network will result in. How
will the utilization look like? What purpose should the future DSO serve?
How should the business model for DSOs look like?

o What impact will microgrids have on the electricity market? What purpose
should the surrounding networks and DSOs serve? Who should be operating
and allowed to operate a microgrid?

o The big data concept should further be analysed where an investigation should
be made if the idea regarding the data from the electrical meters proposed in
this report is possible to achieve. Depending on the outcome from this, can a
possible functional model be presented?

o Investigate if the self-healing network concept is possible to implement with
the current hardware installed in the low voltage distribution network? If not,
what potential investment must be made to enable this? Can this be combined
with the big data concept?

o Analyse the future for 1 kV networks. Is it possible to optimize the cost of
technology to make it more attractive to the market? Is it possible to replace
the transformer with power electronics? Can the voltage be controlled in a
more dynamic way with digital communication in each end?

« Investigate the electrical safety aspect in a network with more distributed gen-
eration. Study possible fault scenarios with simulations and present solutions
to address these.

32



[10]

Bibliography

Vattenfall, En ny vardag med el - landsbygdens elektrifiering. [Online]. Avail-
able: https://historia.vattenfall.se/stories/en-ny-vardag-med-
el/landsbygdens-elektrifiering Accessed on: 2021-06-07.

Vattenfall, Olidan. [Online]. Available: https://powerplants.vattenfall.
com/sv/olidan/ Accessed on: 2021-06-07.

European Commission, “A clean planet for all - a european strategic long-term
vision for a prosperous, modern, competitive and climate neutral economy”,
European Commission, Brussels, Belgium, COM (2018) 773, 2018. [Online].
Available: https://eur-1lex.europa.eu/legal-content/EN/TXT/7uri=
CELEX:52018DC0773 Accessed on: 2021-06-07.

Svenska Kraftnat, Sveriges elndt, Svenska kraftnat, Sundbyberg, Sweden, 2021.
[Online]. Available: https://www.svk.se/om-kraftsystemet/oversikt-
av-kraftsystemet/sveriges-elnat/ Accessed on: 2021-06-07.

K. A. Jacobsson, S. Lidstrém, and C. Ohlén, Elkrafthandboken - Elkraftsystem
1. Sweden: Liber, 2016, ISBN: 9789147114368.

ENTSO-E, Entso-e member companies. [Online]. Available: https://www .
entsoe.eu/about/inside-entsoe/members/ Accessed on: 2021-06-07.

G. Prettico, M. Flammini, N. Andreadou, S. Vitiello, G. Fulli, and M. Masera,
Distribution system operators observatory 2018, EUR 29615 EN, Publications
Office of the European Union, Luxembourg, 2019, ISBN 978-92-79-98738-0.
DOI: 10.2760/104777. [Online]. Available: https://publications. jrc.ec.
europa.eu/repository/handle/JRC113926 Accessed on: 2021-06-07.

Vattenfall, Role model for european deregulation. [Online]. Available: https:
/ /history . vattenfall . com/ stories/power - to - the - people /role -
model-for-european-deregulation Accessed on: 2021-06-07.

G. Prettico, A. Marinopoulos, and S. Vitiello, Distribution system operator
observatory 2020, EUR 30561 EN, Publications Office of the European Union,
Luxembourg, 2021, ISBN 978-92-76-28430-7. pOI: 10 . 2760/ 311966. [On-
line]. Available: https://publications. jrc.ec.europa.eu/repository/
handle/JRC123249 Accessed on: 2021-06-07.

Council Directive 2019/944 on common rules for the internal market for elec-
tricity and amending Directive (2019), OJ L158/125. [Online]. Available: https:
//eur-lex.europa.eu/eli/dir/2019/944/0j Accessed on: 2021-06-07.

33


https://historia.vattenfall.se/stories/en-ny-vardag-med-el/landsbygdens-elektrifiering
https://historia.vattenfall.se/stories/en-ny-vardag-med-el/landsbygdens-elektrifiering
https://powerplants.vattenfall.com/sv/olidan/
https://powerplants.vattenfall.com/sv/olidan/
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52018DC0773
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52018DC0773
https://www.svk.se/om-kraftsystemet/oversikt-av-kraftsystemet/sveriges-elnat/
https://www.svk.se/om-kraftsystemet/oversikt-av-kraftsystemet/sveriges-elnat/
https://www.entsoe.eu/about/inside-entsoe/members/
https://www.entsoe.eu/about/inside-entsoe/members/
https://doi.org/10.2760/104777
https://publications.jrc.ec.europa.eu/repository/handle/JRC113926
https://publications.jrc.ec.europa.eu/repository/handle/JRC113926
https://history.vattenfall.com/stories/power-to-the-people/role-model-for-european-deregulation
https://history.vattenfall.com/stories/power-to-the-people/role-model-for-european-deregulation
https://history.vattenfall.com/stories/power-to-the-people/role-model-for-european-deregulation
https://doi.org/10.2760/311966
https://publications.jrc.ec.europa.eu/repository/handle/JRC123249
https://publications.jrc.ec.europa.eu/repository/handle/JRC123249
https://eur-lex.europa.eu/eli/dir/2019/944/oj
https://eur-lex.europa.eu/eli/dir/2019/944/oj

Bibliography

[11]
[12]

[13]

[14]

[15]

B e A e =2

[23]

[24]

[25]

[20]

[27]

34

European Commission, Clean energy for all europeans, Publications Office of
the European Union, Luxembourg, 2019. DOI: 10.2833/9937.

Ellag, SF'S 1997:857, Ministry of Infrastructure, Stockholm, Sweden: Govern-
ment Offices, Nov. 1997.

C. J. Wallnerstrom, E. Grahn, G. Wigenborg, L. Ohling, H. Robles, K. Alve-
hag, and T. Johansson, “The regulation of electricity network tariffs in sweden
from 20167, Jul. 2016.

M. Hildingsson, Framtagning av en funktion for berdakning av ndtforlustnormer,
Msec. thesis, Disciplinary Domain of Science and Technology, Uppsala Univer-
sity, Uppsala, Sweden, 2017.

Council Directive 2012/27/EU on energy efficiency, amending Directives 2009/125/EC
and 2010/30/EU and repealing Directives 2004/8/EC and 2006/32/EC (2012),

OJ L315/1. [Online|. Available: http://data.europa.eu/eli/dir/2012/27/

0j Accessed on: 2021-06-07.

M. Larsson, Private communication, Mar. 2021.

J. Félt, Private communication, Mar. 2021.

J. Brandt, Private communication, Mar. 2021.

J. Vylund, Private communication, Mar. 2021.

D. Jakobsson, Private communication, Apr. 2021.

P. Nagy and A. Lov, Private communication, Apr. 2021.

Energimyndigheten, Ndtanslutna solcellsanldggningar, Swedish Energy Agency,
Eskilstuna, Sweden, 2020. [Online]. Available: http://www.energimyndigheten.
se/statistik/den-officiella-statistiken/statistikprodukter/natanslutna-
solcellsanlaggningar/ Accessed on: 2021-06-07.

Energimyndigheten, “Energilaget 2020”7, 2020, Swedish Energy Agency, Es-
kilstuna, Sweden, 2020, ISBN 978-91-89184-57-2. [Online]. Available: https:
//energimyndigheten.a-w2m.se/Home.mvc?Resourceld=173928 Accessed
on: 2021-06-07.

Statistiska Centralbyran, Nyregistrerade personbilar efter lin och kommun
samt drivmedel, Statistics Sweden, Stockholm, Sweden, 2021. [Online]. Avail-
able: https://www.statistikdatabasen.scb.se/pxweb/sv/ssd/START _
_TK__TK1001_ _TK1001A/PersBilarDrivMedel/ Accessed on: 2021-06-07.

G. Ek and W. Hallgren, FElndtstariffer — behdvs mer regler om avgifternas
utformning?, Swedish Energy Markets Inspectorate, Eskilstuna, Sweden, Ei
R2012:14, 2012.

L. W. Tell, L. Jaakonantti, E. Grahn, T. Ny, and R. Husblad, Ceer benchmark-
ing report 6.1 — continuity of electricity and gas supply, Council of European
Energy Regulators asbl, Brussels, Belgium, July 2018.

P. Gasser, J. Suter, M. Cinelli, M. Spada, P. Burgherr, S. Hirschberg, M. Kadz-
inski, and B. Stojadinovi¢, “Comprehensive resilience assessment of electricity
supply security for 140 countries”, Ecological Indicators, vol. 110, Mar. 2020.
DOI: 10.1016/j.ecolind.2019.105731.


https://doi.org/10.2833/9937
http://data.europa.eu/eli/dir/2012/27/oj
http://data.europa.eu/eli/dir/2012/27/oj
http://www.energimyndigheten.se/statistik/den-officiella-statistiken/statistikprodukter/natanslutna-solcellsanlaggningar/
http://www.energimyndigheten.se/statistik/den-officiella-statistiken/statistikprodukter/natanslutna-solcellsanlaggningar/
http://www.energimyndigheten.se/statistik/den-officiella-statistiken/statistikprodukter/natanslutna-solcellsanlaggningar/
https://energimyndigheten.a-w2m.se/Home.mvc?ResourceId=173928
https://energimyndigheten.a-w2m.se/Home.mvc?ResourceId=173928
https://www.statistikdatabasen.scb.se/pxweb/sv/ssd/START__TK__TK1001__TK1001A/PersBilarDrivMedel/
https://www.statistikdatabasen.scb.se/pxweb/sv/ssd/START__TK__TK1001__TK1001A/PersBilarDrivMedel/
https://doi.org/10.1016/j.ecolind.2019.105731

Bibliography

[32]

[37]

[38]

[39]

[40]

Energiforetagen Sverige, Ebr-e databas, Energiforetagen Sverige - Swedenergy
- AB, Stockholm, Sweden, 2021. [Online|. Available: https://www.ebre.se/
Kostnader/ Accessed on: 2021-06-07.

Trafikverket, “Infrastruktur for snabbladdning langs storre vigar - ett regering-
suppdrag”, 2018, The Swedish Transport Administration, Borlange, Sweden,
2018. [Online|. Available: http://trafikverket.diva-portal.org/smash/
get/diva2:1426064/FULLTEXTO1.pdf Accessed on: 2021-06-07.

D. Soderberg, “System topologies and transformers for 1 kv networks”, 22nd
International Conference and Ezhibition on Electricity Distribution (CIRED
2013), 2013. DOI: 10.1049/cp.2013.1230.

Elektroskandia, “1 kv-system — en kostnadseffektiv 1osning vid vattenfalls
anslutning av sommarstugor pa graso”, Volt, Jan. 2013. [Online|. Available:
https://www.mypaper.se/html5/customer/105/9227/7page=24 Accessed
on: 2021-06-07.

P. N. Wijesooriya, N. Kularatna, J. Fernando, and D. A. Steyn-Ross, “Linear
ac voltage regulator: Implementation details of a multi-winding approach”,
2018 IEEE 27th International Symposium on Industrial Electronics (ISIE),
2018. por: 10.1109/isie.2018.8433841.

European Commission, Flexibility markets, European Commission, Brussels,
Belgium, 2020. [Online|. Available: https://ec.europa.eu/energy/topics/
technology-and-innovation/flexibility-markets en#related-1links
Accessed on: 2021-06-07.

Svenska Kraftnit, Sthimfler, Svenska kraftndt, Sundbyberg, Sweden, 2021.
[Online]. Available: https://www.svk.se/sthlmflex Accessed on: 2021-06-
07.

R. Husblad, G. Moren, J. Nordstrém, C. V. Nylander, L. Tedebrand, and S.
Wahlberg, Ren energi inom eu - ett genomforande av fem rattsakter, Swedish
Energy Markets Inspectorate, Eskilstuna, Sweden, Ei R2020:02, 2020.

Lagradsremiss - funktionskrav pa elmdtare, Ministry of the Environment, Stock-
holm, Sweden, Government Offices, 2016. [Online]. Available: https://www.

regeringen.se/rattsliga-dokument/lagradsremiss/2016/11/funktionskrav-

pa-elmatare/ Accessed on: 2021-06-07.

L. W. Tell, L. Jaakonantti, E. Grahn, T. Ny, and R. Husblad, Funktionskrav
pa elmdtare — forfattningsforslag, Swedish Energy Markets Inspectorate, Es-
kilstuna, Sweden, Fi R2017:08.

C. Alaton and F. Tounquet, Benchmarking smart metering deployment in the
eu-28 - final report, European Commission, Brussels, Belgium, Do1: 10.2833/
492070.

BATSTORM project, Battery storage to drive the power system transition,
European Commission 2018.

Vattenfall, Sveriges storsta batterilager tas i drift i uppsala. [Online]. Avail-
able: https://energyplaza.vattenfall .se/blogg/sveriges-storsta-
batterilager-tas-i-drift-i-uppsala Accessed on: 2021-06-07.

35


https://www.ebre.se/Kostnader/
https://www.ebre.se/Kostnader/
http://trafikverket.diva-portal.org/smash/get/diva2:1426064/FULLTEXT01.pdf
http://trafikverket.diva-portal.org/smash/get/diva2:1426064/FULLTEXT01.pdf
https://doi.org/10.1049/cp.2013.1230
https://www.mypaper.se/html5/customer/105/9227/?page=24
https://doi.org/10.1109/isie.2018.8433841
https://ec.europa.eu/energy/topics/technology-and-innovation/flexibility-markets_en#related-links
https://ec.europa.eu/energy/topics/technology-and-innovation/flexibility-markets_en#related-links
https://www.svk.se/sthlmflex
https://www.regeringen.se/rattsliga-dokument/lagradsremiss/2016/11/funktionskrav-pa-elmatare/
https://www.regeringen.se/rattsliga-dokument/lagradsremiss/2016/11/funktionskrav-pa-elmatare/
https://www.regeringen.se/rattsliga-dokument/lagradsremiss/2016/11/funktionskrav-pa-elmatare/
https://doi.org/10.2833/492070
https://doi.org/10.2833/492070
https://energyplaza.vattenfall.se/blogg/sveriges-storsta-batterilager-tas-i-drift-i-uppsala
https://energyplaza.vattenfall.se/blogg/sveriges-storsta-batterilager-tas-i-drift-i-uppsala

Bibliography

[41]

[42]

[43]

36

N. Hatziargyriou, H. Asano, R. Iravani, and C. Marnay, “Microgrids”, IEEE
Power and Energy Magazine, vol. 5, no. 4, pp. 78-94, 2007. por: 10.1109/
MPAE.2007.376583.

Vattenfall, -drift arholma. [Online]. Available: https://www.vattenfalleldistribution.
se/vart-arbete/smarta-elnat/arholma/ Accessed on: 2021-06-07.

Council Directive 2017/821 on laying down supply chain due diligence obliga-
tions for Union importers of tin, tantalum and tungsten, their ores, and gold
originating from conflict-affected and high-risk areas (2017), OJ L130/1. [On-
line]. Available: http://data.europa.eu/eli/reg/2017/821/0j Accessed
on: 2021-06-07.


https://doi.org/10.1109/MPAE.2007.376583
https://doi.org/10.1109/MPAE.2007.376583
https://www.vattenfalleldistribution.se/vart-arbete/smarta-elnat/arholma/
https://www.vattenfalleldistribution.se/vart-arbete/smarta-elnat/arholma/
http://data.europa.eu/eli/reg/2017/821/oj

DEPARTMENT OF ELECTRICAL ENGINEERING
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden
www.chalmers.se

CHALMERS

UNIVERSITY OF TECHNOLOGY


www.chalmers.se

	Introduction
	Aim
	Problem under investigation

	Theory
	Electricity regulation
	Regulations in Sweden
	Redundancy Criteria


	Methodology
	Interview study

	Results and Discussion
	Identifying Potential Challenges
	PV Installations
	Electric Vehicles
	Network
	Power Demand and Flow
	Voltage Stability
	Diversity Factor
	Electrical Safety
	Distribution Substations with Remote Control
	Single Phase loads

	Future Solutions
	Redundancy Criteria
	Network extension
	Single and Multi-conductor Cables
	1 kV AC Network
	Line Voltage Regulator
	Flexibility Markets
	Electrical Meters
	Usage of Big Data from Meters
	Energy Storage


	Conclusion
	Future Work

	Bibliography

