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Executive summary 

The possibility to lower outages has been investigated where a total of 4.5 minutes, 

corresponding to 10% of the total outages can be lowered with a self-restoring system in 

Norra Djurgårdsstaden. The system would cost about 2 million SEK to invest in and give 660 

customers reduced outages. The total cost per customer would be around 3000 SEK for 4.5 

minutes/10% reduced outages. 

 

NOTE: In this version of the report the different appendices are not included due to 

confidentiality.  
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Abstract

A self-restoring system on low voltage level

Hampus Bergquist

Fortums electric grid in Norra Djurgårdsstaden is a test grid for smart 
equipment and they are investigating new techniques and ways to improve the 
quality of the grid. With the quality improvements that are researched, a 
“self-restoring system” is a part of the research with the intention to 
lower the amount of outages and shorten the time it takes to restore faults. 
This thesis can be seen as a part of the optimization process of the grid in 
Norra Djurgårdsstaden where the benefits with a basic self-restoring system 
have been investigated on low voltage level. 

In the thesis the self-restoring system has been classified into a “basic” 
and an “advanced” category. The basic self-restoring system cross-connect 
several feeding paths by cross-connecting different low voltage grids and 
use mechanical equipment to change between cables when a fault in a cable 
occurs. The advanced self-restoring system uses several feeders and smart 
grid technology with equipment and softwares which communicate and visualize 
the grid. 
The difference between the systems is that the advanced system can visualize 
the grid and is able to tell when and where faults have occurred to a more 
detailed level. The advanced system can also calculate the power available 
and does not need the same amount of cables for redundancy because it can 
command users to lower their consumption when an outage has occurred. A 
decision was made to only investigate the technique on low voltage level 
because a basic system already exists on medium voltage in Norra 
Djurgårdsstaden.

Results show that investing in a basic self-restoring system in Norra 
Djurgårdsstaden would cost about 2 million SEK and lower the total amount of 
outages for the customers in the area from 45 minutes per customer and year 
down to about 41 minutes. The reason why the decrease is only four minutes 
per year and customer is because faults occurring on higher voltage level 
cannot be reduced with the system. It is totally about 10 % of the faults 
that occur on low voltage level. 

One conclusion from the thesis is that the reduction in quality costs which 
are because to the lowered outages will not be enough to pay back the 
investment. More outage-time per customer and year need to be prevented with 
the system or the customers need to value reduced outages significantly 
more.
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Ämnesgranskare: Mikael Bergkvist
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Sammanfattning 

Fortums elnät i Norra Djurgårdsstaden är ett testnät för ny smart utrustning som skall förbättra 

kvaliteten på elnätet. Med kvalitetsförbättringarna som sker har det också varit aktuellt att 

undersöka självåterställande nät som är tänkt att användas för att minska antalet avbrott och 

tiden det tar för att återställa fel. Detta examensarbete kan ses som en del av 

optimeringsprocessen i Norra Djurgårdsstaden där självåterställande nät på lågspänningsnivå 

har undersökts. Att endast titta på lågspänningsnivå har berott på att redundans redan finns på 

mellanspänningsnivå med dubbelkabelsystem.  

 

Självåterställande nät har under examensarbetet klassificerats till två olika nivåer där den 

första nivån beskrivs som grundläggande medan andra nivån beskrivs som avancerad. Den 

grundläggande nivån använder sig av alternativa matningsvägar genom att koppla ihop olika 

lågspänningsnät och på det viset få redundans ifall det skulle bli ett avbrott i en kabel. Den 

avancerade nivån kräver också redundans genom alternativa matningsvägar, men tar hjälp av 

smarta nät och kommunicerar med olika produkter på nätet.  

 

När kommunikation sker kan en central enhet kopplas in som övervakar systemet och 

bestämmer vad olika produkter på nätet ska göra. Denna centrala enhet kan också vara 

programmerad till att räkna ut hur nätet på ett effektivt sätt kan återkoppla strömmen till så 

många kunder som möjligt vid ett avbrott.  

 

Det har visat sig att det endast varit möjligt att undersöka ett grundläggande självåterställande 

nät på lågspänningsnivå i Norra Djurgårdsstaden för att det i första skedet behövs alternativa 

matningsvägar. Ett avancerat system är i detta skede mer fördelaktigt att bygga i den 

Nordamerikanska nätstrukturen för att alternativa matningsvägar redan finns där. 

 

I det Nordamerikanska nätet korskopplas kraftledningar redan idag eftersom städerna byggs 

som block, därför behövs i många fall inte fler kablar placeras ut, utan det räcker att installera 

sektioneringsutrustning och intelligent teknologi. En annan fördel i det Nordamerikanska 

nätet är att mellanspänning används närmare husen vilket gör att tekniken appliceras på högre 

spänningsnivå och därför ger fler kunder bättre kvalitet på elnätet.  
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Resultaten visar i detta arbete att avbrotten kan minskas från nuvarande 45 minuter per år och 

kund till 41 minuter ifall ett självåterställande nät byggs i Norra Djurgårdsstaden. Nätet kostar 

cirka 2 miljoner SEK att bygga upp.  

Anledningen till att avbrotten minskar så lite beror på att fel som uppstår på högre 

spänningsnivå inte kan reduceras med detta system. Eftersom det endast är 10 % av felen som 

sker på lågspänningsnätet blir det väldigt få minuter totalt per kund och år.  

 

I och med att avbrotten minskar för kunderna medför det reducerade kostnader som annars 

uppstår under avbrott. Med hjälp av värden som tagits från Fortum i Kile, Norge har det varit 

möjligt att räkna ut hur mycket de minskade avbrotten är värda. Totalt för det undersökta 

området i Norra Djurgårdsstaden skulle de minskade avbrotten vara värda cirka 1450 SEK per 

år, varav 50 % kan tillgodoses för Fortum. Eftersom investeringen kostar 2 miljoner SEK 

kommer dessa cirka 725 SEK per år inte vara tillräckliga för att betala tillbaka investeringen. 

 

För att det ska vara möjligt att betala tillbaka investeringen behöver en vinst göras på cirka 

195 000 SEK varje år. Med den redan höga tillgängligheten och den låga värderingen av 

avbrott, 19.5 SEK/kWh, saknas incitament för dessa investeringar. 



  6(58) 

 
 

List of Acronyms and Abbreviations 

 

Equipment 

Automatic circuit breaker - Cuts the power automatically when a protective relay senses a 

fault current. 

Recloser – Recloses the grid to test if a fault was temporary from e.g. lightning or tree 

branches. 

Switch – Cuts the power under normal conditions, either manual or remote controlled when 

commanded. 

Protective relay – Measures values in form of e.g. current or voltage and trip breakers when 

the values reach outside the specified range. 

Voltage regulator – Balances the voltage if the voltage level reaches under or over a 

specified interval.  

Automated meter reader [AMR] – Reader which measures consumption and can be used to 

affect customers’ consumption in the smart grid. 

Auto sectionalizing unit [ASU] – Sectionalizing unit able to disconnect faulted sections and 

reconnect the power to customers outside the area where a fault has occurred. 

 

Different terminologies 

Advanced self-restoring system – A System which with help from intelligent equipment 

visualizes the grid and calculates how to restore power most efficient to as many customers as 

possible. 

Basic self-restoring system – A System which mechanically switches between different 

feeding paths and restore power to customers in an outage, without help from intelligent 

equipment. 

Distributed Energy Resource [DER] – Wind, solar, fuel cells, battery storage or e.g. diesel-

generators. An energy resource which can be placed locally somewhere. 

Distributed Generation [DG] – Energy sources which can generate power when locally 

positioned. 

Distribution Grid – The distribution grid is transferring power from the transmission grid to 

the customers. It is the final stage in the delivery of power to customers. 

Fault current – A rapid alteration in current which can for instance be due to lightning 

storms or earth faults where equipment can be damaged. Fault current is the, usually high 

current occurring in short circuits. 
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Opened/Closed breaker – An open breaker means that the line cannot conduct current. A 

closed breaker means that the line can conduct current.  

Overhead line or line – Line conducting power on power poles in the air. 

Personnel / Fitter – The persons who repair and restore faults that occur on the grid and 

maintain the grid. 

Primary Substation [PS] – A substation/central converting the power from high to medium 

voltage.  

Redundancy – Duplication of a critical component or function which increase the reliability 

of the system. 

Secondary substation [SS] – A substation/central converting the power from medium to low 

voltage. 

Underground cable or cable – Cable placed into the ground with three phases in the same 

cable. (if Alternating Current[AC] is used) 

 

Abbreviations 

Device Agent [DA] 

Distribution System Operator [DSO] 

Information and Communication Technologies [ICT] 

Intelligent Distributed Autonomous Power Systems [IDAPS] 

Intelligent Electronic Device [IED] 

Information Technology [IT] 

Power Line Communication [PLC] 

Remote Terminal Unit [RTU] 

Renewable energy source [RES] 
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1. Introduction 

The habits of the society today are affecting the environment. One part which can be 

improved is the pattern of energy consumption which is drastically increased in the mornings 

and evenings today. When the consumption increases quickly, hydropower is used in the 

Nordic countries to cover the consumption and in other European countries; fossil-based fuels 

are often used instead. 

 

Fortum Distribution AB with the project Norra Djurgårdsstaden challenges the idea of 

sustainable attractive cities where they give the customers the possibility to change their 

energy consumption patterns and reduce their impact on the environment. To make this 

possible Fortum is implementing smart grids with intelligent products. 

 

The term smart grid was introduced to raise the interest in the power grid. A smart grid refers 

to a grid which can be monitored and controlled remotely with intelligent technology able to 

communicate two-way if required. [1] Included in smart grids are equipment used to make 

power generation, transportation and consumption more efficient. 

 

The consumption patterns can be changed if smart grids are used. With a smart grid, load and 

generation can be connected to lower the peak effects. With a lower peak effect less non 

environmental friendly energy sources are required and the spot price of energy can be 

lowered. With a smart grid it is also possible to monitor the grid and decrease outages. 

 

This thesis is a feasibility study which shall explain a self-restoring system. The self-restoring 

system is a part of the smart grid because the system can take help from smart equipment to 

decrease outages and shorten the outage time for customers. With the right grid structure and 

redundancy together with intelligent communication methods, outages can be lowered. 

 

Since self-restoring systems are not yet on the news, this thesis is meant as a pre-study in the 

area with a timeframe of 30 years into the future. The reason why it is a topic of the future is 

because more information about self-restoring systems are required and because the 

equipment and basic functions of the smart grid need to be tested before other techniques are 

interesting. Another factor is that smart equipment for the grid on low voltage is not 

commercialized yet.  
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1.1. Background 

The low voltage grid is not an intelligent grid today and we do not get much information 

about the grid during operation. It is not possible to track where problems are located and in 

some cases it is not even possible to detect if a fault have occurred. If a fault occurs on the 

low voltage grid today, the closest fuse will open and cut power until someone locates the 

problem and restore it. All customers in the area after the opened circuit breaker will be 

without power for the time being. To get better surveillance and control over the grid smart 

grid technology need to be installed.  

 

Since Fortum is interested in decreasing the outage time for customers, there are incentives to 

investigate a self-restoring system. The smart grid is the foundation to the topic of this thesis 

but it is the self-restoring system on low voltage level which is mainly investigated. 

 

1.2. Aim of the thesis 

The aim of this master thesis is to make a well developed feasibility study in the area of self-

restoring systems on low voltage level in urban areas, and apply the knowledge gained to the 

test grid in Norra Djurgårdsstaden. The report shall explain how different grid layouts are 

formed, and how the self-restoring system is operating and affected by different grid 

structures. The report shall also explain the downsides and benefits of the control modes; 

manual control, semi automatic remote control and fully automatic control. When the theory 

of the self-restoring system is completed the knowledge gained shall be applied to Norra 

Djurgårdsstaden. 

One challenge is the cost and benefit question. Since there are few customers (360 customers 

in Norra 1 and 300 customers in Västra) in the different sections, the reduced outages might 

not compensate for the cost per customer to construct a self-restoring system. That aspect, in 

addition to many other aspects needs to be taken into consideration when investigating a self-

restoring system for a low voltage grid. 

 

The goal is to determine if a self restoring system is interesting for the low voltage grid in 

Norra Djurgårdsstaden, will the benefits outweigh the costs. 
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1.3. The area Norra Djurgårdsstaden 

Norra Djurgårdsstaden is an area on the east side of Stockholm close to the island Lidingö. 

Fortum has together with Stockholm Stad decided to use the area as a test area to build a 

better distribution grid. In the test area it has been planned to use smart grid technology and 

because of that it is also interesting to investigate if a self-restoring system is possible.   

 

The area is divided into different smaller areas where a lot of apartments are planned to be 

built. In Figure 1 below, the whole Norra Djurgårdsstaden is shown. Inside the red circle are 

two areas which have been used in the thesis to construct a basic self-restoring system. The 

areas inside the circle are called Norra 1 and Västra and include a total of about 1600 

apartments. However in the self-restoring system proposed in this thesis, only 660 of those 

apartments have been possible to connect because the other apartments are connected to other 

cable cabinets. 

 

Figure 1. Map of the whole area Norra Djurgårdsstaden as a model, with the areas Norra 1 and Västra 

inside the red circle. Not all apartments in the area are included in the self-restoring system because the 

other apartments are connected to other cable cabinets. 
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1.4. Delimitations 

Some delimitation has been required to make the basic self-restoring system for Norra 

Djurgårdsstaden. It was not possible to investigate all surrounding circumstances.  

 

 The voltage drop along cables has been neglected in the thesis. In the calculations the 

reactive power have been neglected where an assumption have been that the active power 

correspond to the apparent power.  

 

 The possibilities of local storage with electric vehicles or batteries which serve as storage 

have been excluded in the thesis. Local storage can possibly backup power in an outage 

and feed the lines until a fault has been restored. 

 

 An assumption has been that the proposed new cables in the areas Norra 1 and Västra are 

possible to place in the trenches. In a real situation it is required to have one cable 

distance between each cable when put into a trench; this can become a problem if more 

than only electrical cables are placed in the same space. There might not be enough room 

if electric cables, water and plumbing are placed together. 

 

 The proposed self-restoring system in Norra 1 and Västra has not been tested in any 

computer programs because time has not been available for that. The program might not 

agree to the system because different low voltage grids are not usually cross-connected 

and because of the long distance. Some adjustments to the proposed system or the 

computer program might need to be done. 

 

 Existing income regulation would give the distribution system operator [DSO] 

compensation for all investments in additional cables, other network equipment and 

information and communication technology [ICT] systems. The study is only evaluating 

the costs for the self-restoring system with customer quality costs according to the 

existing quality regulation. The study does not take any compensation into account when 

the cost and benefit is made. 

 

 Costs for repairs are not included, compared to the normal system. 
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1.5. Problems which cause outages and affect the power quality 

This section explains different outages and why it is important to get better power quality and 

reliability to the customers.  

 

A large part of this section is based on [2]. 

The power grid is exposed to risks in many different forms. Natural phenomenon, equipment 

failures, terrorist attacks or operator failures can affect the distribution grid and leave it 

damaged and without power. When a fault occurs it is important to quickly determine where 

the problem originates from and send personnel/fitters to the area.  

 

The operation where personnel/fitters are sent to an area is time consuming and leave 

customers inside the area without power for the time being. [3] Both urban and rural areas can 

have outages on several hours because it is not certain exactly where problems originate. In 

some situations, for instance if a cable cabinet is hit or damaged it can even be necessary for 

customer’s to identify the outage themselves and call the power company before 

personnel/fitters can be sent to the area. 

 

 
Figure 2. A power outage in Toronto, 2003, reprinted with permission from GNU free documentation license.  
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There are many possible problems and disruptions in the power grid; the following explains 

some common power quality problems:  

 

Power Outages 

Power outages are losses of power on short or long term where specific areas are blacked out. 

Causes of the outages include disruptions, faults in devices responsible for power 

transmission and damaged power lines. Power outages are costly for the customers as well as 

they might be damaging for equipment and lead to repair costs. 

 

Security Failures 

Security failures consist of situations where the security of the power grid is compromised. If 

equipment in the power system is tampered with it can be declared inoperative and enter a 

safe mode to prevent that something unwanted happens. Security failures include if someone 

hack into a system and if someone physically tampers with equipment. Security failures can 

be dangerous if a system fall into the wrong hands.  

 

Power Flow Unbalance 

Power flow unbalance occurs when power generation and consumption is not equal. Since it 

is not profitable to store electrical energy for the grid today the power system need to work 

synchronically and always have a balance between generation and consumption, else the 

frequency will not stay stable. If the power production and consumption is not equal the 

machines will either spin faster or slower and eventually shut the grid down. 

 

Voltage stability 

Voltage stability refers to when the voltage can or cannot be maintained in an acceptable 

range. In the grid it is important to have a stable voltage because an excess voltage drop can 

cause machines to function improperly or damage equipment. If a voltage drop occur and a 

machine is active in the system, the current will rise to be able to gain the same power, which 

potentially can damage components. The efficiency is affected in addition to this when the 

motor is slowing down and more reactive power is drawn from the grid. [4]  
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According to the injunction of the Swedish Energy Market Inspectorate with foundation in the 

Swedish law there are directives and laws which shall be followed as a distributor regarding 

voltage stability. The voltage shall be stable and is considered stable when the change in 

voltage in relation to the RMS value does not change faster than 0.5 percent per second. The 

voltage shall also stay in a range of +-10% of the RMS voltage value for each weekly period. 

The RMS voltage value is considered the phase voltage (ex. 230V and not 400V) when the 

voltage level is below 1000V and is considered as the line voltage when the voltage level is 

over 1000V. [5] 

 

Voltage or current harmonics 

In the grid voltage and current harmonics can affect the power quality. Harmonics occur when 

a non linear load is connected to the system which produces overtones. Harmonics is seen as 

power loss because it is not usable by the motors and because the lifetime of the motors can 

be reduced when hit by the overtones since heat is generated. Harmonics can also affect 

equipment sensitive to magnetic fields and the telephone lines. The frequency of the 

telephone lines are a few potencies higher than the electric grid frequency and harmonics can 

induce noise to the telephone cables. [6] 

 

Since it according to the injunction of the Swedish Energy Market Inspectorate need to be 

control over the maximum amount of harmonics, it is important to control the equipment 

generating harmonics and have the possibility to reduce harmonics if exceeding the allowed 

value. [5] 

 

The problems explained in this section will hopefully be reduced or at least easier to monitor 

with the development of smart grids. In the advanced self-restoring system it will be possible 

to reduce these factors, but with the basic self-restoring system such intelligence is not 

included, except from what already exist. This section is mainly for the advanced self 

restoring system.  
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1.6. Different equipment for a self-restoring system 

Physical components, communication methods and softwares needed for an advanced self-

restoring system are explained in section 1.6.1. 

The physical components used are circuit breakers, sectionalizing units, voltage regulators, 

transformers, protective relays, sensors and fuses. And when smart technology is added, 

computer software agents control the equipment. The computer software agents are monitored 

and commanded by a central communication unit which is automatic or controlled by 

operators, and depending on how the system is regulated the software agents have different 

roles.  

 

1.6.1. Physical system and components 

This section explains the physical components equipped on the grid and at facilities.  

 

Automated meter reader [AMR] 

Automated meter readers have the 

objective to measure information from 

customers in form of water or energy 

consumption by remote reading. The AMR 

is communicating through channels such 

as radio, wireless, mobile frequencies 

(GPRS) or power line communication 

(PLC), and collects readings in a central.  

 

With the new intelligent AMR technique it 

is possible to achieve monthly reading of consumption. The readers allow for real-time two 

way communication which make it possible to program the devices for each customer’s 

needs. (For instance to turn off a power source when the peak effect on the grid is high)  

 

The automated meter readers can be used to signal if a customer’s power is out or to 

recommend customers to lower their demand when the power on the local grid is peaking. 

The automated meter readers can also contain information about if a distributed generation is 

located at the facility, and send out power from the generating machine to the grid if needed. 

Figure 3. An automated meter reader for a consumer on 

the low voltage grid. 
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To send out power to the grid can be interesting when the energy price in the area is high, or a 

power cable in the area is broken and secondary feeding is required. 

Before AMR was introduced it was not possible to get the energy and water consumption 

monthly. Instead an estimated consumption was calculated from the yearly data which was 

collected by door knocking. The previous method was not appreciated by everyone since 

consumption could vary from one year to the next, and lead to high expenses right after the 

manual readings. Today all customers in Sweden have automated meter readers. 

 

Auto sectionalizing unit [ASU] 

Auto sectionalizing units are physical components 

which can reroute power if a problem occur and can 

be controlled remotely to open or close switches and 

breakers. The auto sectionalizing units have voltage 

and current sensors which can make it possible to 

detect unwanted disturbances in the grid. When 

several sectionalizing units are connected together on 

different locations they can help with preventing a 

total grid shutdown by detecting where a fault have 

occurred and disconnect that area. On the medium 

voltage grid in parts of North America, auto 

sectionalizing units have been implemented and 

proven that the customer outages have been 

significantly reduced. [7] Medium voltage grids are 

used to a large extent in North American and the grid 

sections are larger than in Europe, therefore ASU’s are favorable there and can section grids 

to shut out areas where faults have occurred. When reading about different grid structures in 

section 2.2 it will be explained that the North American grid structure is connected as a 

network with more than one possible feeding connection. Sectioning equipment can make 

significant improvements to outages where several feeders are connected. 

 

Figure 4. An overhead auto 

sectionalizing unit on medium voltage, 

presented by NSTAR, 2009. 
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Figure 5. An automatic circuit breaker reprinted with permission from Creative Commons and a recloser 

from Tyco electronics.  Left. Miniature 2-pole circuit breaker. Right. Recloser which can commonly be 

seen in the North American grid on power poles. 

Reclosers, Circuit breakers and Switches 

In addition to ASU’s, circuit breakers, reclosers and switches are installed on the grid.  

Circuit breakers open if high fault currents are detected. Inside circuit breakers (or together 

with circuit breakers) are protective relays which measure for example current and can detect 

if the current reaches outside a specific range. Circuit breakers fill the same function as 

switches and fuses but are more advanced and designed to handle arcs if they occur. 

 

Reclosers are used to prevent temporary fault currents which can occur when lightning strikes 

down or if a tree branch hit an overhead line. A recloser open and close circuits and are 

programmed to have 2-3 recloses with a short delay, then a longer delay and another reclose. 

If the problem is not solved after the last reclose, the recloser locks in open position until 

personnel/fitters restore the fault. [7] Since temporary fault currents can occur when e.g. 

lightning storms are active, reclosers can prevent many faults which elsewhere can lead to 

outages where resetting of circuit breakers are required. 

 

Switches have the same objective as circuit breakers, to open circuits and prevent power flow. 

The difference between breakers and switches are that switches open circuits under standard 

condition, when a power line or section needs to be opened but without fault currents. [8] 

Switches can be controlled from a control station but are often manually controlled on the 

field. 
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Fuses 

When the power conducted through the grid is on low voltage level it is possible to use fuses 

instead of breakers to shut the power. For medium and high voltage, breakers are required to 

quench the arcs that occur, but at low voltage arcs do not appear in the same magnitude. To 

use fuses is advantageous since they are simpler and cheaper. 

Fuses can be mechanical or automatic which mean that either a wire burns if the current get to 

strong through the fuse or the fuse is automatically shut off with help from a protective relay 

when the current or voltage reach outside the measured range. In the grid on low voltage level 

common fuses are 63A at customer connections and 125A in cable cabinets. In facilities 

usually between 10-20A are used for fuses except from industries where fuses can be larger. 

Since melt fuses are not reusable they have to be replaced when triggered.  

 

 

Protective relays 

Protective relays are mechanical units measuring signals and expect the signals to be inside a 

specific range. The main function of a protective relay is to make sure the system is working 

as intended and alarm if something is out of order. If a measured signal is from a current or 

voltage source and the signal goes outside a specified range, the protective relay can signal a 

commanding unit to takes measures to e.g. trip a circuit breaker or fuse.  

 

Figure 6. Fuses for the low voltage grid, manual and automatic fuses.  

Left. 10A fuse for residential use. Right. Automatic fuses inside a cable cabinet, from mirakel.nu, 2012. 
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Relays operate by mechanically opening or closing electric contacts and do not necessarily 

need intelligence. A relay is a coil wired around a magnetic core, thereafter the relay is 

connected to contacts which mechanically open or close different circuits depending on if a 

high or low measuring value is sensed. The construction depends on the signal the relay 

measure. Relays can measure voltage, current, frequency, pressure, velocity and temperature. 

When relays are put into a system the system is called a protective relay, the relay is only the 

coil and magnetic core. 

 

Voltage Regulators [VR] 

Voltage regulators are embedded in the grid and can control the voltage level and receive 

voltage data from a command central in a smart grid. Sensors and sectionalizing units can 

discover if there is a voltage drop and inform a command central. The command central can 

thereafter command a voltage regulator near the problematic area to adjust the voltage. [9] 

 

The low voltage grid in Sweden does not suffer much from voltage drop today since the 

distances are short and not much distributed generation [DG] is active. 

When smart equipment is implemented and more DG such as solar cells and wind turbines are 

connected to the grid, voltage control will be of greater importance because the DG cannot 

control the reactive power consumption/production. Both wind turbines and solar cells are 

intermittent energy sources and the variation in delivered power will potentially be large. 

Voltage variation may be a problem when they operate if embedded voltage regulators are not 

installed. Tests have shown that solar cells can keep the voltage relatively stable while wind 

turbines have greater problems with the voltage levels. [10] 

 

Up until today voltage regulators have been based on transformers with tap chargers. When 

the electric grid is introducing more distributed generation, transformers with tap chargers 

might need to be replaced with new equipment because they do not respond fast enough in 

problematic areas. [9] It should be noted that voltage regulators are not so common in the low 

voltage grid in Sweden today. 
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1.6.2. Computer intelligence and communication setup 

To make communication possible a working communication base is required. Four different 

ways to communicate between devices in the grid can be used, through wireless, fiber, cable 

or power line communication (PLC). 

 

1.6.2.1. Communication methods 

When the information technology for internet was expanding in Sweden the telephone net 

was chosen as transfer medium from homes to the web. Internet became a hit and is today 

used to a larger scale than could ever be predicted. [11] Since it is common to use services 

which require high bandwidth today, fiber optics were developed and is common to use 

instead of telephone cables today. In many homes wireless routers are used since they are 

easy to install and use and it is also possible to use power line communication (PLC) in 

homes because cables can be avoided and because it is easy to install.  

 

All the different techniques for communication are well proved because of the many years of 

operation. A lot of faults have been possible to amend as well. To be aware of some positive 

and negative aspects, the following explains some communication aspects in relation to smart 

grids: 

 

Wireless communication is easy to install and cheap, the range is limited and some materials 

can block signals. The different wireless communication methods are separated by 

wavelength or frequency which needs to be considered when choosing system, different 

wavelengths can penetrate through different materials. With wireless there is a certain risk 

that signals are jammed or tampered with to gain control over the power lines, therefore a 

high security facility shall be decrypted or preferably not use wireless communication.  

 

Fiber optics is the fastest way to communicate of the four alternatives, but the most 

expensive method. Transferring speeds are high and fiber optics has the possibility to send 

and receive detailed data with short intervals. An issue with fiber optics is that cables are 

sensitive to inflections. Fiber optics can be intercepted if someone taps into a central which 

distribute signals or if the signals are transmitted over the internet. 
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Cable communication is the alternative to fiber optics if choosing to dig and place solid 

material as transfer medium. Cable is less expensive than fiber optics and usually unshielded 

twisted pair [UTP] cables are used. It is expensive to dig trenches and since the cost for cable 

is low in relation to the dig cost it would be unwise to install cable instead of fiber optics, 

because more data can be sent over fiber. In sensitive areas where inflections can occur, it can 

be better to install cables instead of fiber optics since cable is not as sensitive. 

 

Power line communication (PLC) is a technique allowing the use of the power lines to send 

signals. Since the power lines are used there is no need to install extra cables for 

communication. When the grid is up and running communication is possible, if a power line 

is disrupted however, it will not be possible to communicate with the connections at the end 

of the power line. PLC is a technique which is easy to install but for a self-restoring system it 

is very unfortunate since communication would not be possible when an outage has occurred. 

 

 

Independently of method chosen, the most important factors are reliability and security. When 

it comes to security each grid should function independently to prevent intruders from 

affecting more than one grid at the same time. 

 

Figure 7. Different communication methods. Cable, fiber optics and wireless communication. 

Taken from energydigital.com, 2012. 
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1.6.3. Different software agents 

Together with the different communication methods software agents are programmed to make 

sure the physical components fulfill their tasks. The programs are regularly known as 

softwares, however in relation to self-restoring systems the softwares are referred to as agents. 

Agents are controlling different functions or monitor components in the smart grid and can 

complete operations alone or work together with other agents in multi-agent systems. This 

section explains different agents for the advanced self-restoring system. 

 

The intelligence of each agent is depending on the duty and is preferred to keep on as low 

level as possible. With a lower intelligence level agents will respond faster and problems will 

be easier to weed out between agents. Some agents explained in this section are intended for 

self-restoring systems while some agents are used for general functions of smart grids. [12, 

13] 

 

Multi-agent restoration framework [14] 

The multi-agent restoration framework consists of bus agents and a facilitating agent which 

together are designed to restore power to customers when an outage has occurred. The 

facilitating agent can for instance be positioned in the substation and the bus agents at circuit 

breakers and sectionalizing units. The multi-agent restoration framework is at first hand 

intended for the North American grid (see section 2.2.2) but if secondary feeders are installed 

in the European grid (see section 2.2.1) it can also be adjusted for the European grid structure. 

 

Bus agents are installed in the equipment controlling the routing of power. In each cross 

section that has a secondary feeder connected, a bus agent shall be installed and have the 

ability to keep information about the amount of power possible to feed through the cables 

connected upwards and downwards. The bus agents send their containing information to a 

facilitating agent and receive instruction on when and where to open or close breakers.  

 

A Facilitating agent is an intelligent agent connected to the grid, one for each section. The 

facilitating agent collects information from bus agents and is calculating how to most 

efficiently restore power to customers when a fault has occurred. When the calculation is 

completed each bus agent receives instructions how to proceed to reach the wanted result. 
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Intelligent Distributed Autonomous Power System [IDAPS] [15] 

The IDAPS multi-agent system is an interacting agent system for the distribution grid 

consisting of control agents, user agents, distributed energy resource agents, aggregation 

agents and a database agent. The system is mainly meant to use for areas with much 

distributed energy production and the system have the aim to balance consumption with 

production. In IDAPS energy storage can also be included, and in the event of an outage the 

system can detect where the problem have occurred and open the closest circuit breaker. The 

system is intended for the smart grid in general but has some perks which are helpful for 

power restoration.  

 

 

User agents are mounted at the customer’s facilities and interact with the central unit (the 

AMR) at each facility. It can send and receive information about the components in the house 

and from the grid. The user agent can provide the user with real-time information about 

current consumption from the house and cost of energy at certain points. There are also 

several adjustments possible to keep control over consumption and cost. 

 

Distributed Energy Resource [DER] agents are monitoring and storing information about 

associated energy sources installed on the distributed grid. The DER agent is keeping 

information about what type of energy source that is installed, the rated power (kW), available 

Figure 8. Configuration of an IDAPS system. How different agents are connected and how they are planned 

to communicate. Taken from Intelligent distributed autonomous power systems, IEEE, 2007. 
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fuel for the energy source and at what price the owner agrees to sell their power at. It also 

stores when the energy source is available for use and when it is in need of maintenance. 

Aggregation agents together with the Bulletin Board function as the marketplace for electric 

power between local producers and consumers. The aggregation agent connects the DER 

agents and keeps track of each distributed energy resource on the local grid. 

 

The Control agent is monitoring the protective relays or sensors which measure the 

frequency and voltage. The control agent is constructed to detect grid failures and unpredicted 

situations and is able to sustain suitable values for real and reactive power on the grid. If a 

source has a destructive behavior a nearby control agent can communicate with a device agent 

controlling a circuit breaker to open the circuit and prevent a power outage. (Device agents 

are agents controlling circuit breakers and switches) 

 

The Database agent is storing data collected on the grid. It is storing information about 

communication between agents and data for available power on the grid, including buy/sell 

prices. The database agent is also a data access point for users, operators and agents if they 

need information. 

 

 

Hierarchical Agent-Based Voltage Instability Prevention [HABVIP] [16] 

HABVIP is a system consisting of software agents that work together to keep the voltage 

stable in a certain range. One agent monitor and control voltage and current, another agent is 

comparing data from other HABVIP systems to detect if voltage instability is occurring 

somewhere.  

 

If several HABVIP systems are put together it is possible to prevent a system collapse and 

predict problems if placed on different parts of the grid. The system is important when 

considering the possibility of customer generated power, such as photo-voltaic cells [PV] and 

combined heat and power [CHP]. Customer generated power can often be unreliable and 

unstable in the matter of voltage control and power control due to variation in weather. [9] 
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1.6.4. Communication standard IEC 61850 

IEC 61850 is a communication standard used much in relation to smart grids and explained 

since an advanced self restoring system will work together with the standard. 

 

The International Electrotechnical Commission (IEC) has designed a standard for 

communication for substation automation with guidelines and directions for manufacturers. 

The standard is called IEC 61850 and designed to make different systems acting in relation to 

substations compatible with each other independent on the manufacturer of the products. The 

communication standard prevents the biggest manufacturer from out-competing the smaller 

manufacturers in controlling the business alone. [17] 

 

IEC 61850 is used in principle by every manufacturer for communication when constructing 

substations. The standard is also implemented in many hydro power plants and distributed 

energy resources. Because of the many applications which are possible, the standard can be 

implemented and cross-connected to other products. IEC 61850 can be used to make it 

possible for sectionalizing units, protective relays and circuit breakers to communicate with 

each other to prevent faults like voltage instability and outages from occurring. [18] 

 

Some of the key features of IEC 61850 are listed here: (taken from [17]) 

- Use of a virtualized model making it possible to virtualize the components used 

coherent with the substation, and monitor and control all equipment at the same place.  

- Use of names for all data. IEC 61850 use descriptive strings to describe all data sent, 

to know where the data origin and the intention with the data. This simplifies the 

handling of errors. 

- All object names are standardized and defined in a power system context. Non 

depending on the manufacturer of devices, the devices configured to the substation are 

standardized to make it easier for engineers to identify the meaning of data and 

messages. 

- Devices are self-describing. Client applications communicating with IEC 61850 

devices gain a description of all data supported by the device without manual 

configuration. Each device is pre programmed with information which can be spread 

when needed. 
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Other important benefits with IEC 61850 are that new equipment which shall work coherent 

with substations has a lower installation cost due to compability. It will be easier to get 

information since everything is collected and gathered in one place, and it will be more secure 

since no reconfigurations need to be done which could expose data. 

 

1.7. Different control methods 

This section explains different control methods for a self-restoring system. 

 

It is possible to characterize three different control methods. The system can be manual/non-

intelligent and unable to receive commands. The system can be semi autonomous and perform 

certain commands automatically while having the ability to transmit and receive signals, and 

execute commands. The system can be fully autonomous where problems are handled locally 

with intelligent equipment communicating but without communication to operators on the 

outside. [13] There are pros and cons with all three control methods and they will be 

explained here. 

 

1.7.1. Manual control system 

The low voltage grid today is a more or less manual system where most of the autonomous 

operations are mechanical and activated with protective relays. Beside the protective relays 

the system is handled manually with sensors able to detect the most common faults while the 

rest need to be searched for by hand. The low intelligence level makes the grid hard to survey 

and when faults occur not much information is given about the faults. Since the system does 

not have much intelligence the equipment is not very expensive to maintain.  

The grid cannot communicate with the surroundings unless special equipment is installed, and 

because the system only can send signals and not receive signals the manual control system is 

more secure than systems with intelligence. The most likely security risk is intruders opening 

cable cabinets. 

 

The manual system can be improved for the future, and be able to send more accurate 

directions to commanding centers when problems occur. Thereafter it is easier for the 

operators to know where to start looking for faults and send fitters which can find and solve 

problems faster. In a high security facility it might actually be safer with a improved manual 

grid instead of much communication and high intelligence. 
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1.7.2. Semi-autonomous control system 

A semi autonomous control system is communicating in both directions between the 

equipment and the command unit. The command unit shall be able to monitor what is 

happening in the equipment and shall be able to send commands. Since a semi autonomous 

system has a connection to operators, it is easier to find faults and possible to know what fault 

has occurred and where to look for faults. Since the connection to operators either is over the 

internet or an intranet, it is important to keep the connection safe. If equipment able to receive 

signals is hacked it could become very dangerous for all involved. When a system with 

connection to the internet exists, separating different grids need to be done so viruses can’t be 

planted and spread to other grids. 

 

The semi autonomous control requires more bandwidth due to the information sent back and 

forth. The size of the total system needs to be kept in mind when choosing communication 

system since a fiber connection is needed if the total system is large, while a wireless 

connection can be enough if the system is small. The type of communication is important 

since the system depends on a constant connection to be monitored and controlled. 

 

A semi autonomous system is beneficial because of the possibility to always have 

surveillance over the grid and the ability to affect if something happens. It is however more 

fragile in a security aspect. 

 

1.7.3. Autonomous control system 

An autonomous control system is an intelligent system able to communicate on a local grid 

level and restore problems without the help from remote operators. One purpose with a fully 

autonomous system is that signals stand less risk of being interrupted because the system does 

not need a connection over internet to operators. An autonomous control can be compared 

with an island operation which shall be able to restore its own problems. With the components 

explained in section 1.6, an autonomous control system is possible to achieve but much 

intelligence is required for the system to function.  
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1.8. The reliability of a self-restoring system compared to the old grid 

There are many positive aspects with the smart grid and a self-restoring system. But it is 

important when old but functioning equipment is replaced with new, that the new technology 

can be reliable and safe, and in the long run improve the conditions and lower the outages.  

 

A concern is based on the growing need of communication between devices. If a device rely 

on commands and cannot function without communication there will be problems when 

interruptions occur because the system might stop responding. This concern self-restoring 

systems because it can lead to more outages and longer restoration times instead of the 

opposite when the system is installed. To prevent this, every device should have a backup 

function corresponding to a non-intelligent device.  

It is also possible that hackers or terrorists see a new way into their targets that could cause 

catastrophic effects if they succeed. Manufacturers should question which functions the 

equipment really needs to complete their tasks and consider not making it possible to do more 

than minimally is required. More functions raise the risk of loopholes. [19] 

As an ultimate solution the system should have a safety mechanism which turn all 

communication off and only listen to manual commands, like a manual override if someone 

tamper with the equipment. [19] 
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2. Detailed functions of a self-restoring system 

The second chapter of this thesis explains the fundamental parts which are required to make a 

self-restoring system functional. Different grid structures are explained to understand that 

some structures are better prepared for a self-restoring system than others. Some important 

limitations and physical rules are discussed, and last in the chapter it is explained where costs 

to dig trenches where cables are placed can be found. 

 

It has been necessary to divide the self-restoring system into a “basic” and “advanced” level 

in the thesis to not confuse the reader. The two categories are chosen to understand that the 

basic functions are fundamental for the system and the advanced functions can be chosen if 

the basic system already exist.  

 

-The basic self-restoring system mechanically restores power to customers without 

intelligence but with help from secondary feeders which can cross-connect different low 

voltage sections.  

-The advanced self-restoring system use secondary feeders as well, but take help from 

intelligent equipment and restores power with fewer cables. With a fully developed self-

restoring system it can command customers to lower their consumption and reroute power in 

the most optimal way when an outage occurs. 

 

A self-restoring system can only function if more than one feeding path is available; it is 

therefore required to have information about how grids are designed and where a self-

restoring system is more or less suitable. 

 

2.1. Grid arrangement and design 

In this section the Swedish power grid is explained. Then a larger perspective is made where 

the European and North American grids are explained and what differs between the grid 

structures. [20] 
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The Swedish power grid from high to low voltage 

 

Sweden has an electric transmission grid with 

overhead lines on 400kV and 220kV which reach 

from north to south and is spread to the corners of 

the country through the distribution grid. Primary 

substations are connected from the transmission grid 

decreasing the voltage and divides power to smaller 

areas in the regional grid. In the regional grid both 

overhead lines and cables are used and vary 

depending on area. From the regional grid secondary 

substations are connected decreasing the voltage 

further, for instance from 20kV down to 400V.  On 

low voltage level it is common with underground 

cables and cable cabinets which distribute the 

energy to customers.  

 

Figure 10 displays the different transformation steps in the Swedish power grid. 

 

Figure 10. Different transformation steps in the Swedish power grid.  

Top picture is a substation for high/medium voltage. Bottom left is a secondary substation for medium/low 

voltage. Bottom right is a cable cabinet for low voltage.  

Figure 9. Sweden’s transmission grid throughout 

the country. Taken from Svenska Kraftnät, 2012.  
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2.2. Different distribution grid structures in the world 

The world’s distribution systems expanded during the last century and in the development 

two structures was clearly defined, the European and North American grid structure. [21]  

 

2.2.1. The European distribution grid structure  

In Europe the grid is built radial with cable cabinets in different patterns out from the 

secondary substations on low voltage level. To get redundancy on low voltage, different low 

voltage grids need to be cross-connected. With a radial grid structure it can be difficult to 

connect different low voltage grids at the cable cabinets because the vegetation can make the 

distances very long.  

 

To better understand how the European grid is constructed, Figure 11 displays a simplified 

example of a grid from high to low voltage. The voltage is first reduced in the primary 

substation (PS) to medium voltage level, after the primary substation the power is transported 

to secondary substations (SS) and transformed to low voltage. In the low voltage grid cable 

cabinets are positioned at the cross sections.  

In the figure in some areas on low voltage, red markings are also made. The red markings 

display paths where a self-restoring system is possible to construct with a fairly short distance 

of extra cable. 

 

Figure 11. A radial grid structure, theoretical example of a grid in Norra Djurgårdsstaden. PS stand for primary 

substation, SS stand for secondary substation and at each cross section after each SS there are cable cabinets. 

The squares represent apartment areas and the red marks represent potential spots for cross-connecting 

different grids. 
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The radial grid in Norra Djurgårdsstaden looks almost the same but with some additions. In 

Norra Djurgårdsstaden the secondary substations (SS) are constructed with redundancy in two 

steps. One step is a dual cable system from the primary substation to the secondary 

substations which can be activated if a problem occurs with the primary feeding cable. The 

second step is an open breaker at the end of the radial structure which can close if one feeder 

has a fault somewhere to make backward feeding possible. In Figure 11 this is shown as well, 

but this type of redundancy does not exist in all medium voltage grids in Europe, since some 

grids only have one cable on medium voltage. 

 

The solution on how to get redundancy in the low voltage grid is not very simple to solve. 

On medium voltage level many customers are connected compared to a low voltage grid. It is 

therefore possible to get two sets of cables on medium voltage, but if every low voltage grid 

would get the same redundancy, it would be really expensive compared to the amount of 

customers affected. Instead of getting two sets of cables on low voltage, cross-connecting 

different low voltage grids are required. 

 

2.2.2. The North American distribution grid structure 

In North America it is not so common to use a radial structure when constructing electric 

grids. The grids are often constructed in a squared shape with several connections (also called 

network structure) because the cities are built in blocks. [22] (See Figure 12)  

 

 

In Figure 12 a simplified North American grid is shown to make it possible to understand the 

network structure and the grid appearance. The thick lines in the figure correspond to high 

Figure 12. A squared shaped electric grid, typical in the North American distribution grid. The thick lines 

correspond to high voltage, the area between the block correspond to medium voltage. (12 kV) Transformers 

to low voltage are positioned in the blocks and the squares represent residential houses. 
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voltage and the thinner lines in between correspond to medium voltage (12 kV). Transformers 

are positioned at the blocks and transform the voltage from 12 kV to 120/207 V for houses in 

the blocks. As can be seen in the figure, medium voltage is used close to the homes, and in 

comparison to the European grid the transformers supply very few customers.  

 

To have medium voltage close to homes and few customers per transformer is good when 

considering a self-restoring system. Medium voltage is good because it is more stable and can 

feed more power if required as secondary feeding and the losses are lower compared to low 

voltage. Fewer customers per transformer is also good because more resources can be put on 

the medium voltage grid since more customers are affected, it is however more expensive to 

build the grid with many transformers. 

 

The North American grid has an issue with the network structure which currently exists 

because everything is connected. It is very good in a future aspect to have the grid as a 

network, but if a fault occurs somewhere on a medium voltage grid today, there is a risk that a 

large part of the medium voltage grid is shut down. The reason for that is because 

sectionalizing units are not connected in every grid and when a fault occurs it might not be 

possible to shut out the fault to a small section or area.  

 

In some parts of the North American grid, sectionalizing units already exist. The technique is 

mechanical and gets activated automatically when a fault occurs. [7] It will not always be 

possible to restore power with the non intelligent sectionalizing units because it might not 

always be enough power available or the cables might get overloaded if a fault occurs in an 

unfortunate place. In the European grid only one outfall is possible since only one extra cable 

is available, but since there can be several connections in one sectionalizing unit in the North 

American grid the outcome will depend on each area and where the fault have occurred.  

 

The North American grid have some better aspects but also some worse. It would be 

interesting to investigate how sectionalizing units and smart equipment could improve the 

North American grid.  
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But since the European grid structure is the only interesting structure for this thesis only that 

will be discussed further. For the grid in Europe the first step is to look at secondary feeding 

paths in low voltage, not smart equipment. 

 

2.2.3. The difference between the European and North American grid structure 

The European and North American grid structures are compared in Figure 13 where it can be 

seen that the European distribution grid have longer distances with low voltage underground 

cables and few transformers, and the North American distribution grid have longer distances 

with medium voltage overhead lines and many transformers.  

 

The clear difference between the grids have become because the electric grid follows the 

structure of the cities. In North America it is common with block structures and much space 

between houses, and in Europe it is more limited with space and therefore necessary to have 

many cables underground. [22] 

 

Many transformers are used in North America because the low voltage grid gets voltage drops 

over long distances, since 120/207V is used. In the European low voltage grid the voltage 

level is higher and therefore the system is less sensitive if longer distances are fed. [22] Since 

more customers are connected within a smaller area in Europe, larger transformers are used 

and are easier to get beneficial.  

 

In the North American grid where overhead lines are used to a large extent, the lines are in 

greater risk of getting faults compared to the underground cables in the European grid. Trees 

can fall on the lines, ice and lightning can affect, animals can affect and cars can crash into the 

poles. Therefore the North American grid currently stands in a greater risk of getting faults. 

Figure 13. The North American and European grid structure on medium/low voltage level. In the 

picture primary voltage corresponds to medium voltage while secondary voltage corresponds to low 

voltage. The crosses are transformers from medium to low voltage. Taken from [21]. 
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2.3. Limitation in cables and power transportation 

When current is conducted in cables there is a maximum limit which needs to be considered 

since the cables can overheat if it is exceeded over long time periods. Cables are designed for 

about 80% of the maximum current capacity [23] but can sustain higher currents for short 

periods. It is important to have information about cable dimensions when an outage occurs to 

know how much power that can be disposed in the area. Depending on the amount of power 

required, it might or might not be enough to support the demand, when not enough power is 

available the customers are not able to get their power back. 

 

The amount of power sent in each cable can be calculated when the voltage and current is 

known. The voltage in the low voltage grid has been assumed solid at 400V by neglecting 

voltage drop. The maximum current sent in each cable depends on the properties of the cables 

and the cable length, where the maximum current per length is categorized by the cable cross 

section area. By reading schemes from cable manufacturers the maximum load and resistance 

per unit length for a certain area can be determined. The maximum power can be calculated 

with the grids voltage level multiplied by the maximum current in the cable. 

 

The calculations in the thesis are simplified but utilized to get results close to reality. The 

average active power for all consumers on the power line is summarized and the reactive 

power is neglected. The reason why the reactive power is neglected is because the reactive 

power output is assumed very low because the area mostly consists of households. When the 

total average active power is known it is divided by the known voltage so the maximum 

current can be gained. When the current is known a cable can be dimensioned after that value.  

 

2.4. Design of cable cabinets 

To be able to make use of a self-restoring system it is important for the low voltage grid to be 

able to both send and receive power. One reason is that power shall be able to be fed from two 

ways if a fault occur in a cable, another reason is that it need to be easier to send power out 

from the low voltage grid to other customers without overloading the grid. In principle all 

cable cabinets and meters at homes in Sweden can transmit and receive power, it is however 

important to check the cable cabinets and electric centrals at homes and make sure that the 

fuses are dimensioned for the currents which can occur. 
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Figure 14. Digging trenches to lay down 

electric cables. Taken from Alvesta energi, 

2012. 

2.5. Cable cost and digging new trenches for Norra Djurgårdsstaden 

Fortum have over the years worked out an estimated 

cost for laying trenches and placing cables in varying 

conditions. In appendix A the cost for different 

activities are listed, costs depending on where in 

Stockholm the trenches are dug and depending on 

what ground the cables are placed into. 

 

In section 3.2.1 the different costs are applied to a 

basic self-restoring system in Norra Djurgårdsstaden. 

The results will then show if it can be viable with a 

self-restoring system or if the expenses will be 

higher than the extra reliability and reduced costs 

the customers and Fortum get. 
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3. Different self-restoring systems in the grid 

In this chapter the knowledge gained from the thesis is applied. In the first section a 

hypothetical advanced self-restoring system is explained and in the section after a basic self-

restoring system is constructed in Norra Djurgårdsstaden where a cost and benefit is included. 

 

3.1. Advanced self-restoring system in an example grid 

This section explains how an advanced self-restoring system operates. If smart equipment and 

software agents are installed when secondary feeding paths are available, it is possible to 

make an advanced self-restoring system which does not need as many cables as the basic self-

restoring system. The example is related to the North American grid structure because an 

advanced system is more at hand in North America. 

 

If accepting that a grid can look like the following example when it is simplified, this section 

explains how an advanced self-restoring system can restore a fault. The structure is chosen 

because an equal example is mentioned in the article A Multi-Agent Approach to Power 

System Restoration. [14] The numeric values chosen are intended to present the power flow in 

apparent power (MVA or kVA) but are made up to suit the example. 

 

 

Figure 15, Grid structure for an example grid under normal condition. Maximum apparent 

power displayed over each cable and current apparent power under each cable. Arrows indicate 

loads; filled boxes mean closed breakers and empty boxes mean open breakers. 
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Figure 15 display an example grid with power fed from two different substations displayed to 

the left. There are five different loads connected to the grid at different locations, and the 

loads are displayed with arrows and an associated value. The maximum apparent power fed 

through the cables is displayed on top of each cable while the currently fed power is displayed 

below each cable.  

 

At each cross section bus agents are installed which are aware of what surround their 

connection and how much power that is possible to feed through the cables upwards and 

downwards. The system also has a facilitating agent which acts as commanding unit located 

in the center of the grid. 

 

A short circuit occurs close to the first substation as illustrated in Figure 16, and all customers 

connected to the substation are left without power. Power can still be fed from the second 

substation to some customers; therefore the self-restoring system is triggered in the area.  

The self-restoring system starts to determine if it is possible to restore power to the customers 

in the first substation and calculates how it most efficiently can do that.  

 

The facilitating agent first asks all bus agents for information about their connections. The bus 

agents respond with the maximum power their cables can conduct and also transmit the 

amount of power needed if they have several connections to other parts of the grid or to loads. 

Figure 16. Grid structure for an example grid where a fault has occurred. Maximum apparent 

power displayed over each cable and current apparent power under each cable. Arrows indicate 

loads, filled boxes mean closed breakers and empty boxes mean open breakers. 
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When the facilitating agent has visualized the grid it calculates the amount of power available 

and if it is possible to restore power. 

 

Since the location of faults cannot be predicted before they occur the system need to be built 

with secondary connections to calculate the most efficient routing path. When the most 

efficient path is determined it might in some cases be possible to restore power to all 

customers, while in other cases it might be possible to restore power to only some of the 

customers. Factors limiting the restoration process are available power from the higher 

voltage grid and the maximum possible power transferred through the secondary connections. 

 

In Figure 17 the fault still remains but the power is restored to all the customers thanks to 

smart routing and the advanced self-restoring system. From the second substation all 

secondary feeders were enabled while some connections earlier enabled were disabled.  

 
As can be seen in Figure 17 the second feeder can maximally conduct 8 (MVA or kVA) 

which also is the total amount of power which is required for all the loads together. The 

secondary cables between the two separated grids are both almost maximized but transfer 

enough power to support all loads. This technique makes it possible to get redundancy in the 

system without dual layers of cables. The downside is that it is not always certain that all the 

power needed can be transported to the customers; some prioritizing of consumption might 

need to be done. 

Figure 17. Grid structure for an example grid where a self-restoring system has restored power. 

Maximum apparent power displayed over each cable and current apparent power under each cable. 

Arrows indicate loads, filled boxes mean closed breakers and empty boxes mean open breakers. 



  41(58) 

 
 

3.2. Basic self-restoring system on low voltage in Norra Djurgårdsstaden 

In the low voltage grid in Norra Djurgårdsstaden an investigation has been made to see if it is 

possible to form a basic self-restoring system, to lower the outage time. The cables on low 

voltage are combined with three 240mm
2
 conduction cables and a grounding cable (so called 

PEN cable for Protective Earth (PE) and Neutral (N)) in each three phase system. The 

structure thereafter consists of one or several setups depending on if few or many customers 

are in the area. In the cable cabinets on low voltage level, fuses are connected which fulfill 

triggering conditions to secure that loads are disconnected within 5 seconds if short circuited. 

 

In one 240mm
2
 cable on a 400V grid the distance between cable cabinets determine how 

many amperes that is possible to send in the cable, if it is desired to keep the triggering 

conditions for the fuses. When the distance between two cable cabinets are increasing the 

maximum current possible to send will decrease, due to the voltage drop and the impedance in 

the cables. [24] According to Table 1 from Swedish standard SS 424 14 05 the maximum 

amperes recommended to transfer for a 240mm
2
 cable is related to the distance as follows: 

 

Table 1, Swedish standard SS 424 14 05, the maximum length of a cable for a certain amount of amperes 

transmitted in a 240mm
2
 cable for under 1kV to maintain triggering conditions. 

Conducting 
area(mm

2
) 

Nominal length of conductor for fuses with different maximum current, in 
meters 

The fuses maximum current, A 

63 80 100 125 160 200 250 315 

            

240 740m 555m 407m 330m 248m 188m 142m 105m 
 

The relationship cannot be directly applied to all grid structures because there are exceptions 

such as the total distance. It is not possible to make the total distance infinitely long if 

connecting many cable cabinets. With help from Daniel Terranova who has researched 

triggering conditions in low voltage grids in Sweden a simplification were agreed on. The 

simplification state that if the total distance is less than 1 km between two secondary 

substations and if 15% of the distance is removed in the relation in Table 1 above, the 

Swedish standard SS 424 14 05 is still valid. This was made to be able to keep the voltage 

level and triggering conditions to cross-connect different low voltage grids. To make an 

example of the simplification a 160A fuse is chosen, for 160A the cable distance needs to be 

around or shorter than 248 * 0.85 = 210 meters. It is important to make sure that each fuse is 

dimensioned for the 160A current. 
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In Appendix B, maps over the areas Norra 1 and Västra in Norra Djurgårdsstaden are 

presented where a basic self-restoring system have been made. The maps cannot be displayed 

in the report; therefore it is recommended to look in appendix B before continuing reading. To 

get a better overview over the maps in Appendix B, Figure 18 displays the two grids cross-

connected. 

 

The proposed action in appendix B consists of two parts or sections which are marked and 

referred to as the red and yellow section. The distances required to excavate were estimated 

by pointing out routes on construction schemes. The red section need to add at most 260m of 

cable in the longest route and the yellow section need to add at most 210m of cable in the 

longest route. From the secondary substations up until the red and yellow cables it is required 

to extend with more cables as well. That is because more power than the existing lines can 

carry will need to be transported in those cables when an outage occurs. The extended cables 

are painted in black in appendix B. The distances for the extended cables are short and will 

not be the limiting factor when choosing the current from Table 1.  

The longest route is 260m; therefore 125A can be used for each phase, (see Table 1) and since 

it is three phases in each setup the total amount of amperes sent will be 375A. 375A in the 

cables correspond to 375A*400V = 150kVA for the grid. 

 

There are totally about 360 apartments connected to the area in Norra 1 and about 300 

apartments in Västra. Since the apartments consume an estimated average of 1.5kW it will not 

be enough with 150kVA to support all customers. Four setups of cables are used for a total of 

600kVA in the red cables in Västra, and three setups of cables for a total of 450kVA is used 

in the yellow cables in Norra 1 to support all customers. (Equal amount of cables are used in 

the black cables in the respective areas) 

 

The reason for choosing three and four cables is because 450 kVA is enough for 300 

apartments in Västra if an outage occurs near the Västra secondary substation. 600 kVA is 

enough if an outage occurs near the Norra 1 secondary substation, where 450 kVA is used for 

the 260 apartments fed through the yellow cables (see appendix B) and 150 kVA is used for 

the 100 apartments which can be fed backwards from the existing cables. 
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There are only two maps over Norra Djurgårdsstaden available which is why only one self-

restoring system has been presented. As explained earlier (in section 2.2.1) it is advantageous 

to have several low voltage grids near each other to easier find possible self-restoring 

systems. 

 

To make an example of this system, Figure 18 below display a simplified version of Norra 1 

and Västra with the proposed system installed. If a fault occurs in several cables, one low 

voltage grid or section shall be able to support the other grid or section if the cable break 

occurs near the secondary substation. In theory at most one secondary substation can be 

affected at a time, because the probability of both low voltage grids being blacked out at the 

same time is minimal. (Both grids can of course be blacked out at the same time, but then the 

fault have occurred on higher voltage level) Therefore with this system installed, all outages 

on low voltage will be avoided, except from faults in cable cabinets and substations. 

 

According to the figure the yellow cables shall be dimensioned to support the customers in 

section 2 if an outage occurs there, if fed from section 3. The yellow cables shall also be able 

to support section 3 if an outage occurs there, fed through the red cables. The other way 

around, the red cables shall be dimensioned to support the customers in both section 1 and 

section 2 if an outage occurs close to the secondary substation in Norra 1.  

 

Figure 18. A simplified visualization on how the low voltage grid looks like in Norra Djurgårdsstaden with 

sections. The yellow cables are the new interconnection in between the Norra 1 and the red cables are the new 

interconnection between Norra 1 and Västra. 
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There is an already planned grid which shall be constructed underneath the system in the 

figure. Some cables in the figure are from the original grid and the rest are added for the 

suggested self-restoring system. 

 

3.2.1. Costs for implementing a self-restoring grid in Norra Djurgårdsstaden 

To calculate the cost and benefit for implementing the proposed self-restoring system it is 

necessary to take many aspects into account. In this section factors for calculating the cost is 

explained where some simplifications have been made.  

 

Included in the cost calculations in appendix C are several costs which should be explained in 

more detail, it is recommended to look in appendix C before continuing reading. 

 

An extra slot needs to be added in each cable cabinet for each cable which is added to the 

system. An extra slot needs to be added in the secondary substations for the cables connected 

there as well. In the cable cabinets a cost for one extra slot have been estimated to a value 

which has been used for each extra cable. For the secondary substations it is assumed that 

there is no difference in total cost for the substations if extra slots are added. The total cost for 

the substations have been divided between the total amounts of cables connected.  

 

The black cables from section 3.2 need to be added and it is also required to buy, dig and 

place the red and yellow cables. Cost for adding the cables are included in the calculation and 

in the places where excavations have been planned for the original grid the cost has been 

divided among the total amount of cables along each ditch. According to the cost catalogue in 

appendix A which Fortum have developed, the ground has been related to grass because 

Norra Djurgårdsstaden is a construction area. The costs for excavating for each cable depends 

on the distance which need to be dug up, and how many cables which are placed in each 

trench. 

 

To make the cost and benefit analysis it is required to have knowledge about the amount of 

customers in the area, what sort of ground that is exploited, the energy consumption patterns 

in the area, the cost for an outage and outage statistics.  

Aspects which have been possible to look at have been taken into account, but a cost for smart 

equipment is not included. It has not been possible to get a price on smart equipment, and 
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smart equipment is not required in the basic step anyway. The equipment which has been 

included in the cost calculation is remote circuit breakers and communication units because 

they function without the help of smart grids and software agents. The remote circuit breakers 

are functioning in the medium voltage grid already and are possible to install in cable 

cabinets. 

 

The power consumption per apartment has been chosen to 1.5 kW as for apartments which do 

not have electrical heating. 1.5 kW is the average power consumed for each apartment in the 

area when an outage occurs. 1.5kW was chosen because Fortum use the same value when 

dimensioning cables. 

 

The total cost for making the self-restoring system adds up to approximately 2 million SEK 

and varies some depending on if fiber or wireless communication is used. (Calculations can 

be seen in appendix C) This is costs which have taken excavating, dimensioning cable 

cabinets, buying equipment, upgrading the communication and buying and placing cables into 

consideration. To make it into an advanced self-restoring system for the future, it is required 

to add the cost for installing smart equipment and software agents. But since the redundancy 

need to be improved first, remote mechanical breakers do the work together with remote 

communication.  

 

If the cost for digging down cables would be considered a zero cost, the total cost for the self-

restoring system would be between 1.3-1.4 million SEK depending on if wireless or fiber 

communication is chosen. The dig cost can be considered zero if the ground is dug up already 

because other cables or pipes need trenches and there is extra space. The cost on 1.3-1.4 

million is however not possible to use for the situation in Norra Djurgårdsstaden. 

 

If the investment on 2 million SEK is divided between the customers in Norra 1 and Västra, 

the system would cost about 3000 SEK for each household. 3000 SEK each is taken from the 

total of 660 customers divided by 2 million SEK.  
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3.2.2. Benefits of implementing a self-restoring grid in Norra Djurgårdsstaden 

There are costs for customers when outages occurs which if reduced can bring a positive 

aspect of investing in a self-restoring system. Each distributor in Sweden present outage 

statistics to the Swedish Energy Market Inspectorate with how many minutes in total outages 

occur on their grids. The tables are reported each year from each distributor and an average 

for Fortum in 2010-2011 is estimated to 45 minutes per customer and year in Stockholm. (41 

minutes in 2010 and 49 minutes in 2011) [25] 

In the 45 minutes of outages as average, most faults occur on medium or high voltage level 

and cannot be restored with a self-restoring system on low voltage. An estimate was therefore 

made with help from the grid planners are Fortum, where 10% of the outages corresponding 

to 4.5 minutes or 0.075 hours per year are due to faults on low voltage for each customer. 

 

To make the estimation more accurate, extra statistics on outages in low voltage at Norra 

Djurgårdsstaden (in Gärdet) was given which also shows that the average outage per customer 

in the low voltage grid conforms to the outage time estimated by the grid planners. In the last 

three years the average outage per customer at Gärdet was 5.2 minutes per year and the last 

seven years the average outage per customer at Gärdet was 3.6 minutes. The 4.5 minute 

average is therefore a valid assumption.  

 

The Swedish Energy Market Inspection has presented tables calculated by Swedish energy for 

how much outages cost for customers per kW or kWh in Sweden as average. A study has also 

been made at Kile in Norway by Fortum, where the costs for different categories are 

presented per kWh. Both can be seen in Table 2. [26] For the Swedish study an average value 

is presented without considering the type of consumer, and for the study by Fortum in Kile, 

households are specifically presented. 
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Table 2. The average cost for announced and unannounced outages in Sweden according to the Swedish Energy 

Market Inspection, and for households in Kile, Norway according to Fortum Norway. 

Costs for unannounced outages Outage cost year 2009, scaled from 2003. 

  P SEK/kW P SEK/kWh 

Average cost in Sweden 19 54 

Cost for households in Norway - 19.5 

Costs for announced outages Outage cost year 2009, scaled from 2003 

  P SEK/kW P SEK/kWh 

Average cost in Sweden 4 38 

Cost for households in Norway - 14 

Source: Swedish Energy Market Inspection, 
Fortum’s study in Kile, Norway 2010 
 

 

If taking the values in Table 2 above, together with the earlier estimated parameters it is 

possible to calculate how much outages cost for customers in Norra Djurgårdsstaden. In 

Table 3 the total economical loss for customers when an outage occurs are displayed. The 

reason why the costs based on energy (kWh) differ so much between Sweden and Norway is 

because the Swedish estimation is an average for all types of consumers (e.g. households, 

stores and factories) while Fortums study in Kile is a calculation based only on households. 

The reason why costs based on power (kW) differ from the other values is because it does not 

take the outage time per year and household into account. The costs based on power show 

values which are excessive. 

 

Table 3. Outage costs for unannounced outages where the average costs from the Swedish Energy Market 

Inspection and from households in Kile, Norway has been used and applied to Norra Djurgårdsstaden. 

The cost for outages (average value) from the Swedish EI for unannounced outages 

        Outage hours per year & 
apartment 

Cost based on kW Cost based on kWh 
 

Consumption per apartment 

19 SEK/kW 54 SEK/kWh 
 

1.5 kW 

0.08         
 

Apartments in Norra 1 

Total cost per apartment (SEK) 28.5 SEK 6.075 SEK 
 

360   

Total Norra 1 area 10260 SEK 2187 SEK 
 

Apartments in Västra 

Total Västra area 8550 SEK 1822.5 SEK 
 

300   

        The cost for households from Fortum's study in Norway for unannounced outages 

        Outage hours per year & 
apartment 

Cost based on kW Cost based on kWh 
 

Consumption per apartment 

- SEK/kW 19.5 SEK/kWh 
 

1.5 kW 

0.08         
 

Apartments in Norra 1 

Total cost per apartment (SEK) - SEK 2.19375 SEK 
 

360   

Total Norra 1 area - SEK 789.75 SEK 
 

Apartments in Västra 

Total Västra area - SEK 658.125 SEK 
 

300   
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The value from the Swedish average for an outage is much higher than the Norwegian value. 

Since there are only apartments in Norra 1 and Västra the cost for an outage correspond better 

to the Norwegian value, it is therefore not reasonable to calculate with 54 SEK/kWh. 

 

It can be interesting to see what the cost would correspond to if the cost based on kWh instead 

were based on something else than apartments. In Table 4 below cost for outages for Norra 1 

and Västra with values from the Norwegian study for trading and service as customers are 

displayed. 

 

Table 4. Outage costs for unannounced outages for trading and service as cost base according to Kile, Norway. 

Applied to Norra 1 and Västra in Norra Djurgårdsstaden. 

The cost for trading and service from Fortum's study in Norway for unannounced outages 

        Outage hours per year & 
apartment 

Cost based on kW Cost based on kWh 
 

Consumption per customer 

- SEK/kW 207 SEK/kWh 
 

1.5 kW 

0.08         
 

Apartments in Norra 1 

Total cost per apartment (SEK) - SEK 23.2875 SEK 
 

360   

Total Norra 1 area - SEK 8383.5 SEK 
 

Apartments in Västra 

Total Västra area - SEK 6986.25 SEK 
 

300   

 

As can be seen in Table 4 the cost will increase when the consumer have a higher value on a 

constant power flow. Trading and service can for instance be shops and it is quite likely that 

some shops are found in the area where a self-restoring system is active, not only apartments.  

 

If an investment is made by a grid owner to lower outages for customers it is important to 

know that it is only possible to take compensation for 50% of the lowered costs that occur for 

customers in outages. This is because customers also shall benefit from reduced outage costs. 

Since it is the grid owner which need to do the investment it is required to pay the investment 

back with only their share of the benefit. The cost for faults on low voltage is a small but still 

a factor in the positive aspects of a self-restoring system, but it is important to not forget that 

it is not only about money. 

 

To better understand the cost relation for customers a sensitivity analysis is displayed in 

Figure 19 where different parameters are changed for the case in Norra 1 and Västra. If for 

instance all the apartments would consume 2.5kW instead of 1.5kW the cost per year would 

be almost the double. 
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Figure 19. Total outage cost for customers in relation to cost per kWh for Norra 1 and Västra. The red line 

represents the current cost per kWh for households according to the Norwegian study. (19.5SEK/kWh) 

 

There is a significant difference if consumers value a constant power flow more than 

households do. The red line in the figure displays the case in Norra 1 and Västra where an 

outage cost about 19.5SEK/kWh. A conclusion is that many outages and customers which 

value their power flow much are required, before an investment as explained in section 3.2 

will pay itself back.  
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To finalize the cost and benefit calculation a annual cost have been determined to see how 

much the system actually need to benefit before it can give profit. The calculation method 

used is equivalent annual cost (EAC) where the costs have been divided between payback for 

equipment and for cables with fiber as communication. 

Equipment has a technical lifetime of 10 years, and cables have a technical lifetime of 40 

years, which mean that the equipment needs a reinvestment each 10 years. The total of 

approximately 195 000 SEK is the total cost each year which need to be benefitted from the 

grid to pay back the investment with an interest rate of 5.2%. Calculations for this can be seen 

in appendix D. 

 

Since it only is possible to regain about 725 SEK each year for reduced costs for customers, it 

is far from enough to get even with the annual costs. (Totally it is about 1450 SEK, however 

only 50% of the value can be credited for Fortum) New incentives or other incentives need to 

be found before a system like this can be introduced on the low voltage grid in Norra 

Djurgårdsstaden.  
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4. Results 

The results have been given out through the report but this section summarizes the results and 

final words. 

 

- A self-restoring system is intended to lower the number of outages and the time each outage 

take to restore. The key feature in the system is to have an alternative feeding path where the 

power can be transported. 

 

- The self-restoring system has been classified into two different levels in the thesis to clarify 

a difference. The two different levels are called basic and advanced. The basic system 

connects different feeding paths and use mechanical switches to change between cables when 

a fault is detected in a cable. The advanced system switches between cables as well, and use 

smart equipment and software agents to visualize the grid and to calculate how the system 

efficiently can route to restore power. 

 

- In Europe it is common with long distances with low voltage in the distribution grid close to 

customers. In North America it is more common with medium voltage level on the 

distribution grid close to customers.  

 

- The European grid does not need smart equipment at first hand; a basic self-restoring system 

with secondary feeders is desired before that. Because of the network structure which exists in 

the North American grid, it is beneficial to develop the advanced self-restoring system there. 

The network structure has secondary feeders but the grid is in need of smart equipment for 

self restoration and sectionalizing.  

 

- Building a basic self-restoring system in Norra Djurgårdsstaden would cost about 2 million 

SEK in the two areas Norra 1 and Västra. The outage time for each customer would be 

lowered from 45 minutes per year down to about 41 minutes and the total reduced cost for the 

customers is 1 450 SEK per year or about 2 SEK for each customer.  

 

- If the investment cost on 2 million SEK is divided between the customers who get better 

redundancy in the area, the system would cost about 3000 SEK/customer for about 4.5 

minutes reduced outages. 
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- If the cost for excavating would be removed from the cost for building a self-restoring 

system in Norra Djurgårdsstaden the total cost for the system could be lowered from 2 million 

SEK down to 1.3 or 1.4 million SEK depending on if wireless or a fiber communication is 

chosen.  

 

- A calculation on how much the self-restoring system need to give back in reduced costs per 

year was done with the equivalent annual cost (EAC) method. The same amount needs to be 

paid back each year to make the system worth for Fortum. The annual cost of 195 000 SEK is 

the amount which the self-restoring system needs to benefit to make it get even with the 

investment cost on about 2 million SEK. 

 

- The cost for an advanced self-restoring system in Norra Djurgårdsstaden on low voltage is 

hard to predict at this moment because the equipment used is designed for medium voltage. 

More time and research is required until equipment will be made for low voltage and until the 

price for the equipment is in a stable range.  

 

5. Discussion 

It is not only the cost for the system and the money gained from the customers in form of 

reduced outages that are important with a self-restoring system.  

 

Because the system restores power to the customers, less unsocial hours are needed for the 

personnel/fitters to restore faults on the grid. With a self-restoring system the personnel/fitters 

can go out the day after a fault has occurred instead of the same instant a fault occurs. The 

fitters can also better plan when repairing the grid, and make a route and repair several 

sections at the same time. The cost to repair an outage can be lowered if the system is 

installed and there is also a smaller risk of someone getting electrocuted when repairing faults 

because there is more time to think. 

 

It is important to remember that when talking about costs for outages for customers it is not 

always a matter of money. Some customers prioritize extra uptime and new technology. 
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If the voltage level can be raised from 400V to 1kV it will not be necessary to worry as much 

about if the voltage is varying due to distributed generation or long cable distances.  

A higher voltage level would lead to fewer cables in the ground and a lower cost when 

expanding the grid. It also takes up less space in the trenches which crosses out the question 

about if there is enough room in trenches when electric cables, water and plumbing are 

sharing space. 

 

Another interesting thought is to use a direct current [DC] grid instead of alternative current 

[AC]. DC cables are cheaper per distance and take up less total space than AC cables; it is 

also easier to dimension the system with a DC system. If less cables are used the cost for the 

system will be significantly reduced because cable cabinets and substations does not need to 

be extended as much, and the cost for cable per distance will be lowered. A report from Glava 

Energy Center [27] show many advantages with a DC grid and if an advanced version of a 

self-restoring system is discussed in Sweden where local storage and distributed generation is 

discussed, a DC grid is much easier to configure and keep clear from power quality problems.  

 

6. Conclusions and suggestions for further work 

As the results show it will not be beneficial to install a basic self-restoring system in Norra 1 

and Västra in Norra Djurgårdsstaden. The 2 million SEK the system will cost cannot be paid 

back even if the cost for customers in SEK/kWh increases a lot in the future. 

A conclusion from this thesis is that a self-restoring grid in the Swedish grid on low voltage 

level is hard to get a benefit from. Since the low voltage grid stand for so little of the outages 

it is not possible to get a profit from the system on low voltage. 

 

There are other countries in Europe and in other places around the world where more and 

longer outages occur, where a self-restoring system can be beneficial. It is however doubtful 

that many low voltage grids in the world will find it economic reasonable to invest in a 

system like this. As a first step, outages occurring on higher voltage level need to be taken 

care of instead of outages occurring on the low voltage grid.  



  54(58) 

 
 

For the future it can be interesting to investigate a few things in relation to self-restoring 

systems: 

 

- Electrical vehicles as backup in an outage. Electric vehicles which serve as energy storage in 

the grid, which can be used in an outage to support customers until a fault is restored. 

 

- Energy storage on the low voltage grid with stationary batteries. With battery development, 

cheaper batteries or batteries with high efficiency and many lifecycles it can be interesting to 

use batteries as energy storage to feed the grid backwards in an outage. 

 

- Fuel cells as energy storage on the low voltage grid. Fuel cells can be portable and is 

environmentally friendly but the efficiency is currently low. However, if fuel cells reach a 

breakthrough and the efficiency is improved fuel cells can be interesting. 

 

- Direct current in the low voltage grid. With DC only two cables are needed instead of three. 

The cables are also cheaper to invest in and the system is easier to monitor and control. 

 

- 1kV grid instead of the existing 400V grid. With 1kV the system is less unstable and fewer 

cables are needed. The problem with space in trenches would not be of the same magnitude. 

An issue with a higher voltage level is however that the risk of deadly outcome if faults occur 

would be higher.  
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