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Abstract

Microgeneration of PV power and its impact on power
quality in the distribution grid

Idah Orebrand, Max Rosvall, Melissa Eklund

This bachelor thesis examines the impacts of installed microgeneration of PV power
in the distribution grid. The thesis examines the selected distribution grids power
quality and how it is affected in terms of exceeding currents, voltages and reverse
power flows and how the future trend of microgeneration of PV power will develop.
A case study is made on Gotland with the support of the distribution grid owner,
GEAB. Three of GEAB's distribution grids with different customer configurations and
grid structures are being used to create different case scenarios. The production from
the PV plants is calculated with production data from a project that GEAB performed
with PV plants but dismantled in 2016. The Newton-Raphson power flow method is
used to run the simulations of the grids with different amount of installed PV power.
The results show that exceeding maximum current is the first parameter to limit and
affect the power quality for all grids. After this the three grids can handle different
amounts of installed PV power with respect of the remaining parameters. The
simulations also show that losses in the grid are reduced due to installations of PV
plants, although their small magnitude do not make them a significant aspect to
consider when evaluating microgeneration in the distribution grid. When comparing
to future scenarios it is concluded that the grids are dimensioned to handle a various
amount of installed microgeneration without the power quality being affected.  To
analyse the sensitivity of the results a sensitivity analysis is performed on the slack
node voltage by alternating the voltage level. The result indicates that a higher slack
node voltage gives more exceeding voltages for the city power grid and the two rural
grids. 
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Concepts and terms 

In this section specific terms are presented and described with the purpose of helping 

the reader to understand the content of the report.   

Alternating current (AC)  
Alternating current is electrical current that changes direction. 

Direct current (DC)   
Direct current is electrical current that always has the same direction.  

Energimyndigheten  
An authority that is working on behalf of the government. They develop and convey 

knowledge about more efficient energy use and other energy issues towards households, 

companies and authorities. 

Intermittent power generation  
Irregular power generation from sources that depend on external factors which cannot 

be controlled. Solar, wind and wave power are a few examples on intermittent power 

sources.  

Load 

Describes the power (outlet) that a customer retrieves from the grid. It is therefore also 

the electrical energy that is consumed by all electrical appliances that require electrical 

connection.   

Penetration power 

In this report, the penetration power is the installed photovoltaic power where the first 

of current, voltage or reversed power flow exceeds the limits of the grid. 

Photovoltaic (PV) package 

In this report one PV package is defined as 3 PV packages in size small 

from Gotland Energi AB and has a peak power at 9.7 kW. 

Region Gotland   
Since 2011 the name of Gotland's own municipality.  

ROT  
Anyone in Sweden who hires someone for repair, maintenance and refurbishments may 

be entitled to a deduction of their tax on labor costs called ROT.  

Svenska Kraftnät (SvK)   

The state-owned enterprise and the authority that maintains and develops the 

fundamental infrastructure of the main grid.  
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Transformer  
An electro-technical device used for the transmission of AC power and change of 

voltage and current levels.  

Vattenfall 
Vattenfall AB is owned by the Swedish state and is one of Europe's largest heat and 

electricity suppliers. 
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1. Introduction 

This section presents the project's background, purpose and limitations.  

1.1 Background 

Sweden has a set of environmental policies which explicitly state that renewable energy 

should increase and that energy use must have minimal impact on the environment. In 

the past decade, there have been a rapid increase of renewable electricity sources, such 

as wind and PV power. (Statistiska Centralbyrån, 2017a) Sweden is therefore going 

towards a "greener" electricity production where renewable sources have a larger share 

of the production. Because renewable energy sources vary over time, supply and 

demand does not always correspond with each other (Björn Sandén, Mikael 

Odenberger, 2015). Electricity supply is unique in comparison to production, 

distribution and use of other services. The electricity supply must in every moment 

balance between use and production and constantly deliver electrical power with 

adequate voltage. (Sven-Erik Berglund, Johan Åkerlund, 2007) (GEAB, 2017a) The 

many systematic problems of power quality that come with electricity supply from 

renewable sources are complex and unknown when it comes to their contributing 

factors. One of the problems with renewable energy sources is that the distribution grid 

also becomes a production grid. This entails a changing role in the sustainable energy 

system (Sven-Erik Berglund, Johan Åkerlund, 2007).  

Power quality has a significant impact on the capabilities and performance of Sweden's 

infrastructure. A grid's power quality can determine if electricity will or will not be 

delivered constantly or if substantial components that are connected to the grid will 

be damaged or destroyed. Costs, life span and electric magnetic environment are 

affected by this and therefore it is important to understand different reasons and 

outcomes of power quality in the power grid (Sven-Erik Berglund, Johan Åkerlund, 

2007). 

Gotland is an area that has more than 40 % renewable energy sources connected to the 

distribution grid. Due to falling prices and innovations in technology, photovoltaic (PV) 

power generation is now more conceivable than ever (ABB, 2017; Skatteverket, 2017). 

This together with benefits as tax reduction, subventions and the opportunity to sell 

excess energy has enabled more electricity users to become micro producers of PV 

(Joakim Widén, 2010; Vattenfall, 2017a). Because it is encouraged to use and produce 

green energy it cannot be forgotten that it is important to avoid larger malfunctions, 

losses in costs and energy due to micro producers connected to the grid (Björn Sandén, 

Mikael Odenberger, 2015; Statistiska Centralbyrån, 2017a). It is thus important 

to examine how microgeneration can affect the distribution grid and its power quality.  
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1.2 Purpose 

The purpose of this project is to examine the effects of installed microgeneration of PV 

power in the distribution grid. These results are going to be framed in a context where 

the outlook for micro producers in Sweden is analyzed, based on Energimyndigheten’s 

future projections and a linear extrapolation of historic data from Gotland’s PV 

producers. Our intention is to increase the understanding how PV generation impact the 

power grid during different conditions. We will also consider in what possible 

future these problems might be pressing to consider, when designing and dimensioning 

distribution grids. The results can be used by Gotland Energi AB (GEAB) to quantify 

the hosting capacity of their grids, and their future needs to adapt and act according to 

the emerging market of microgenerating PV plants. The following questions will be 

considered and answered in this report:  

� How will the grid's power quality be affected when different amounts of 

photovoltaic are installed, with respect to:   

o Currents  

o Voltages   

o Reverse power flows  

� What are the outlooks for the emerging market of PV plants for micro producers 

in Sweden, concerning prices, subsidies and regulations?  

1.3 Limitations 

Our main limitations to the results found in this project are the components and 

structure of the three grids provided by GEAB. Their characteristics are a key to the 

resulting penetration power, which makes our results somewhat specific for the given 

grid structures. The second main limitation is the unavailability of historic data and 

projections for the developing market of microgenerating photovoltaic installations, in 

Sweden and on Gotland. As often the problem with new technologies and products, the 

market is unpredictable and it is therefor hard to project future scenarios. This is one 

factor that forces some limitations and estimations upon us. Another constraint is the 

time resources provided for this project, from which we for example have to limit the 

number of simulations executed for each grid and penetration level. Finally, this project 

is dependent on load and production data and their resolution, the power data is 

provided at hourly basis while the load data is given in yearly consumption and have to 

be divided and distributed to an hourly basis.  

1.4 Outline of the report 

This report begins with a background section which presents background information 

about the different grids in Sweden, facts about GEAB, power quality, photovoltaic 

plants, PV power data, prices and development for PV plants, and different future 

scenarios from Energimyndigheten. The background is followed by a methodology 
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section where descriptions of case studies, power flow simulations, PV power 

production projection and a sensitivity analysis are made. Then the results are presented 

in a result section followed by a discussion of the results summing up to a conclusion.  

2. Background 

This section presents information about the Swedish grid, it's structure and the company 

GEAB. Background behind power quality, microgeneration, photovoltaic plants and the 

price development for photovoltaic plants are also described. 

2.1 The Swedish grid 

The Swedish power grid is divided into three levels: main grid, regional grid and local 

grid. These three power grids are connected to a single system, together with all 

different power plants and all places where electricity is used. The regional and local 

power grid is approximately owned by a total of about 170 companies and each 

company has exclusive right to provide the power grid to customers within their 

geographical area. The main grid, on the other hand, only has one owner, Svenska 

Kraftnät. Together the whole power grid could make 14 turns around the world if we 

could stretch the power grid into a single long cable.  (Energiföretagen, 2017) 

2.1.1 Transmission grid 

The transmission grid includes both the main and regional grids and is built to transport 

an extensive amount of electricity over long distance. This because most of the 

production is in the northern part of Sweden and the consumption in the southern part. 

The main grid is often described as the backbone of the Swedish power grid with its 15 

000 km high voltage lines.  Due to long distance transmission and prevention of 

electricity losses the voltage of this level is between 40 kV and 400 kV. From the 

transmission grid the power grid is branching in local distribution grids. 

(Energimyndigheten, 2017a) 

2.1.2 Distribution grid 

The distribution grid has a voltage level lower than 40 kV and includes different local 

grids. The distribution grid transfers and distributes the electricity taken from a regional 

grid station to smaller industries, households and other users/customers. In urban areas 

the distribution grid consists mostly of underground cable and the area closer to the 

user, which is by the connecting wires. However, airlines dominate in rural distribution 

grids even though the proportion of ground cables has increased significantly. There are 

more than five million grid customers connected to the distribution power grids. 

(Svenska kraftnät, 2014)  
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2.1.3 GEAB 

GEAB is one of the 170 companies in Sweden that has exclusive right to provide the 

power grid, in this case on Gotland. GEAB is built by Gotlands Energi AB, Gotlands 

Elförsäljning AB and Gotlands Elnät AB. Vattenfall owns 75 % and Region Gotland 

owns 25 % of the company. The power grid on Gotland is owned and managed by 

GEAB. The local energy production from wind power supplies 40 % of the 

consumption, but the electricity consumed on Gotland is mainly produced on the 

mainland and transported to the island via a DC power cable that runs between Ygne on 

Gotland and Västervik on the mainland. (GEAB, 2017b) 

GEAB has today 41 500 subscribers in their grid and by the end of 2017 the 

approximation shows that about 300 subscribers will have PV plants installed on their 

roof. This means that 0,72 % of all the subscribers will have installed PV plants at the 

end of 2017. (Sara Johansson, 2017) 

GEAB has requirements and goals for reducing and preventing their environmental 

impact. They work with the environmental aspect in mind when making decisions as 

well as in selecting partners and suppliers. GEAB also strives to use efficient and 

modern solutions to bring their facilities to balance the environment and economy. 

Interacting more renewable sources in their power grids, including PV plants, are one of 

the ways to work towards this. (GEAB, 2017b) 

2.2 Power quality 

Power quality will in this report contain several criteria that refer to the quality of the 

electricity delivered from grid companies to the customers. Therefore, the term assesses 

the electricity's ability to satisfy user’s needs.   

Power quality depends largely on the equipment electricity users connect to the power 

grid. Inadequate power quality therefore go both ways on how equipment affects and is 

affected by power quality. (Svenska kraftnät, 2006) A good power quality can therefore 

also be described as reduced events in the electricity grid that adversely affect the 

electrical equipment. Inadequate power quality affects connected equipment as follow:  

� shortened service life  

� performance impairment   

� stop / interruption  

� destruction / permanent damage (Svenska kraftnät, 2006) 

2.2.1 Electromagnetic compatibility (EMC) 

EMC is a quality concept which describes the ability of an electrical device or system to 

function in an electromagnetic environment without itself influencing or affecting its 

electromagnetic environment. It is therefore a state where different electrical devices 
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can work together without affecting each other negatively. EMC is also a requirement 

regulated by law. (Elsäkerhetsverket, 2017) 

2.2.2 Excess currents 

Excess current is current greater than rated current or greater than maximum current for 

a conductor. It can lead to excessive generation of heat which in turn can lead to risk of 

fire or damage of electrical equipment. Failure of cables due to excess current can be 

costly and time consuming to repair. (Siemens, 2005) Common use of protection 

mechanisms to control the risk of excess current:  

� Fuses  

� Temperature sensors  

� Current limiters  

� Circuit breakers 

2.2.3 Excess voltages 

With an increased proportion of PV plant connections, voltage variations can occur. In 

this study, a voltage variation is when the hourly voltage level falls below 90 % 

or exceeds 110 % of the reference voltage. Therefore, in this report the voltage level 

must be between 360 V and 440 V. (Anne Vadasz Nilsson, Erik Blomqvist, 2013)  

2.2.4 Reverse power flow 

Unbalanced loads and uneven production give rise to reverse power flow in the low 

voltage grid. The reverse power flow that goes in the direction against the node in the 

grid when the plants produce and emits electricity is one of the reasons why voltage 

variations occur. The amount reversed power flow tolerated in the grid is limited by the 

rated power of the transformer used to connect the distribution grid to the regional grid. 

(Energimyndigheten, 2016a)  

2.3 PV plants and power 

A grid-connected PV plant mainly consists of PV modules and inverters. The function 

of the module is to convert sunlight to direct current through the photovoltaic effect. 

When sunlight hits the surface of a PV plant an electrical voltage occurs between 

the front and back of the plant. If a conductor is connected between the front and back 

of a plant, current is created. A single PV plant only produces a low voltage of about 0.5 

V. Therefore PV plants are usually connected in series which are called PV modules, 

because this increases the voltage to a level suitable for power generation. (Vattenfall, 

2017c)  In order for the electricity to be used in a building the inverter convert direct 

current to alternating current. Internally the produced electricity is used in the building, 

but any overproduction is delivered directly to the power grid. (Svensk solenergi, 2017)  
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Power production from PV power vary over time and results in an uneven power 

production which later is fed into the power grid. Because the productions are fed into 

the power grid, it results in reversed power flow which both can reduce power losses 

and contribute to increased power losses. This depends on the power amount that is fed 

into the power grid. Reverse power flow can also lead to slow voltage variations and 

excess current which both are contributing factors of power losses in the power grid. 

(Energimyndigheten, 2016a) 

2.4 PV power data in Sweden and on Gotland 

The total amount of load that Sweden was consuming in 2015 was 168,230 TW. The 

load Gotland was consuming the same year was 0.9283 TW. If the total amount of 

consumed load in Sweden is compared to Gotland it shows that Gotland has 0.59 % 

of Sweden's total energy consuming. (Statistiska Centralbyrån, 2017b) 

The power grid consists of more than 10 000 grid connected PV plants with a total 

installed power of over 140,000 kW. In just Gotland there are PV plants with an 

installed power of 2281 kW which correspond to 1.6 % of the total amount installed 

today. Figure 1 shows that Gotland resembles Sweden as a total in the total installed PV 

power per capita. (Energimyndigheten, 2017b) 

 

Figure 1. The total power of the approved PV systems in the Swedish green electricity 

certificate system per capita in each of Sweden's municipalities. (Johan Lindahl, 2015) 

Data of the amount of installed PV plants on Gotland is provided by GEAB and 

contains total subscribers with installed PV power for the years 2012-2017. The number 

for 2017 is an approximation from GEAB and table 1 shows the increase of PV plants.   
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Table 1. Shows the total subscribers with installed PV power, new installed PV plants 

and yearly increasing in percent for the years 2012-2017. (Sara Johansson, 2017) 

Year  Total 
subscribers with 
PV power 

New for the year  Increase in %  

2012  18  13  260  
2013  31  13  72 
2014  69  38  123  
2015  160  91  132 
2016  238  78  49  
2017  300  62  26 
 

2.5 Microgeneration of PV power 

According to the electricity law (1997: 857) a microgeneration should have a maximum 

rated power output of 43.5 kW. The main fuse must not exceed 63 amps and the 

consumption of electricity must be larger than the production per calendar year. A 

microgeneration facility must also be CE marked (a symbol that guarantees that certain 

requirements are met for a product within EU.) and connected to the local grid. If the 

facility is not three-phase connected it is recommended to not exceed 3 kW. 

(Energimyndigheten, 2017c)  

2.6 Prices and development 

For those who wants to install PV plants and become a micro producer, there are 

different subsidies. These subsidies have been created to promote inhabitants to become 

micro producers, especially in PV power.  The development of the prices of a single 

module and complete PV system continues to decline. In 2013, a roof mounted system 

on a detached house costed a quarter of what it did in 2010. This trend has continued 

since then. (Energimyndigheten, 2014)  

The reason for this is, among other things, that the prices for the modules have fallen on 

the international market. In addition, competition in the Swedish market has increased 

as the market grows, which has led to a fall in prices. (Energimyndigheten, 2014)  

The cost reduction for PV modules is strongly linked to the number of installed systems 

and that these continue to increase each year. The cost for installing 1 W from 2004-

2013 are presented in table 2. (Energimyndigheten, 2014) 
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Table 2. The cost for installing 1 W for the years 2004-2013 (Energimyndigheten, 

2014)    

År 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 

SEK/W 70 70 65 63 61 50 27 19 18 10 

 

The total cost for the PV plants will depend on how wide the rooftop area is and the size 

of the plants are. GEAB sells PV packages from size SMALL to XXL, and the price 

increases when at bigger package is purchased. (GEAB, 2017c)  

2.6.1 Subsidies 

The government allocates a sum of money each year to investment support for PV 

plants. Energimyndigheten distributes this amount of money to the various county 

administrative boards in Sweden. The contribution is 20 % of the investment cost for 

the PV plants. The greatest amount of support per PV plant system is 1.2 million SEK 

and the eligible costs can be a maximum of 37 000 SEK VAT per installed kilowatt 

electric peak power. (Energimyndigheten, 2016b)   

There is also an opportunity to apply for ROT for the labour costs of the PV installation. 

Thus, it is not possible to get both the investment support and ROT. Since the first 

of January 2016, ROT amounts to a maximum of 30 % of the costs, compared to 50 % 

which was the maximum before. (Energimyndigheten, 2016b) 

The tax reduction that the electricity producer receives is 0.60 SEK per kWh for all 

electricity that is fed into the electricity grid, but only up to a maximum of 18 000 SEK 

per year. This tax reduction is obtained through the income statement once a year. To be 

considered as a micro producer and to receive a tax reduction, the fuse at the connection 

point cannot exceed 100 amps. (Energimyndigheten, 2016b) 

The surplus electricity can be sent on the connected grid and then sold to the electricity 

grid owner. The compensation for this is different depending on the grid owner, but lies 

between 0.10-0.50 SEK per kWh. To be able to sell electricity in this manner, a 

registration for VAT must be made and 25 % of VAT payed. If the total taxable sales 

amount to a maximum of 30 000 SEK excluding VAT during a tax year, the VAT 

does not have to be payed. (Energimyndigheten, 2016b) 

The electricity supplier will also charge a fee for the electricity certificates via the 

electricity bill. By 2016 it was 0.036 SEK / kWh. (Energimyndigheten, 2015) 

2.6.2 Investment outlooks 

An investor in PV plant is in this report a person who installs PV plants on their roof 

and produces electricity that lies in the range for being a micro producer.  
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PV plants have a good potential to start competing with other methods of electricity 

production. The cost for the PV-generated electricity decreases sharply for each year. 

(Svensk solenergi, 2017) An investment in PV plants is therefore a profitable 

investment. The PV plants on a roof will secure the electricity supply for over 30 years 

and the dependency on the fluctuations in electricity prices will be reduced since the 

need for purchased electricity will be less. If the production is more than the 

consumption, the electricity can be sold to the electricity grid owner who, in turn, sells 

it to other customers. (GEAB, 2017d) 

2.6.3 Payback time 

How long it takes for the new PV plant system to pay back depends, of course, on 

different factors: if compensation is given, how much electricity the system produces, 

how much electricity is consumed versus being fed to the grid. Where in the country the 

plant is constructed also affects the payback time as well as the slope and direction on 

the roof. (Vattenfall, 2017a)  

Below are examples shown when such an investment has returned itself. Since ROT 

deductions and investment support cannot be combined, they are separated in figure 2.  

Regarding the refund with ROT deductions, three cases is investigated. The deduction 

was reduced from 50 % to 30 % on January 1, 2016, and therefore these percentages are 

especially relevant to watch. A possible increase to 70 % is also looked at to see what 

impact the repayment period would have. The life of the PV plants is set to 30 years. If 

the stacks reach the 30-year life expectancy, the investment will return earlier, which 

means that the net asset value of the investment is positive. In addition, how the 

repayment period is affected by cancellation of electricity certificate support and a tax 

reduction that is limited to 15 years is examined.  

In a detached house, revenues are obtained from tax reduction, electricity certificates, 

net utilization and sales of electricity surplus. Regarding its own consumption, the 

benefit is equal to the electricity price and then counted as an income because it avoided 

the cost that would otherwise arise. If self-consumption is high, it usually generates 

better profitability. All values are discounted with a discount rate.  

In figure 2, it is assumed that the production reach 950 kWh / kW and that half of it is 

consumed by the household. VAT is paid and the calculation rate is set at 3 %. Figure 2 

shows how many years it will take for the investment to pay back. 



16 
 

 

Figure 2. How many years it takes until an investment in PV plants for a "normal" 

detached house pays back with different conditions. (Energimyndigheten, 2016c)  

2.7 Different scenarios from Energimyndigheten 

Energimyndigheten (2016d) has created 4 scenarios in order to predict how the future 

energy system will look. These are used as completing material in relation to 

projections based on data from GEAB considering amount installed PV power. The four 

scenarios are named after music and differ in how society wants their future energy 

systems to look:  

Forte: Society will ensure that energy prices are low, especially for industry. Economic 

  growth and jobs build up the welfare. A key priority is safe access to energy.  

Legato: The environmental impact of the energy system will decrease and it will help 

to solve the global issues. Global justice and ecological sustainability are the main 

priorities.   

Espressivo: Consumers who want flexible and in-house solutions as well as own 

initiatives build up Espressivo. Green energy, small-scale self-production and buying 

services is important.  

Vice: Here is the climate focus important, Sweden is emerging as a precursor for 

sustainable green growth and develops exports of environmental technology and bio-

industry, which creates several new jobs.  

Each of this scenario predicts how much installed PV power Sweden will have by 2025 

and 2050 which is shown in the table below.  
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Table 3. The four scenarios created by Energimyndigheten and how much installed PV 

power Sweden will have in 2025 and 2050 in TW. 

Scenario Forte  Legato  Espressivo  Vivace  
2025  1  10  25  10  
2050  2  12  30  22  
  

2.8 Energimyndigheten’s scenarios applied on Gotland  

As mentioned earlier Gotland has 1.6 % of Sweden's installed PV power today and if 

this proportion is assumed to be constant, the amount of installed power on Gotland will 

be as follows with Energimyndigheten's different scenarios by 2025:  

Table 4. Amount installed PV power year 2025 when Gotland has 1.6 % of Sweden's 

total installed PV power.  

 Scenario Forte  Legato  Espressivo  Vivace  
Sweden  1 TW  10 TW  25 TW  10 TW  
Gotland  16 GW  160 GW  400 GW  160 GW  
  

If Gotland's share represents the amount of load Gotland consumes per year in relation 

to Sweden's total consumption it instead is 0.59%. This amount is presented in the 

table below.  

Table 5.  Amount installed PV power year 2025 when Gotland has 0.59 % of Sweden's 

total consumption.  

 Scenario Forte  Legato  Espressivo  Vivace  
Sweden  1 TW  10 TW  25 TW  10 TW  
Gotland  5.9 GW  59 GW  147.5 GW  59 GW  

3. Methodology 

This section describes the different methods, as simulations and data collection that 

are used to achieve the project's purpose and aim. A sensitivity analysis is also 

preformed to create a bigger depth to the report.  

3.1 Case studies 

A case study with one city grid and two rural grids owned by GEAB is examined 

through simulations to determine the effects on power quality from installed 

microgeneration of PV power in the low voltage grid. Data for the different grid 

structures, electric power consumption and production from PV test sites are provided 
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by GEAB to enable power flow simulations. There are three scenarios for each power 

grid and three parameters that are used to analyze how microgeneration of PV power 

affects power quality in the distribution grid. Scenarios are created through simulations 

which depend on the parameter that limits the simulation first. To structure the 

simulations, excess current, over voltage and reverse power flow are used as a limit in 

the given order.   

3.2 Grid data 

The chosen power grids at Gotland consists of three different three phase low-voltage 

grids with 125, 6 and 14 subscribers for each grid named city, rural 1 and rural 2. The 

city grids transformer has a rated power at 800 kVA, rural grid 1 has a transformer with 

100 kVA as rated power and rural grid 2 has 200 kVA. No variable tap-changing 

transformers or other automatic voltage control systems are included in the simulations. 

Complete data of the grid structure, containing wire thickness, material, length and 

impedance of each line is available from GEAB. Both rural and the city grid has a radial 

structure where the geographic distance between connection points and subscribers is 

larger in the rural grids. A schematic overview with given max currents for all three 

grids are attached in appendix. 

3.3 Power data 

Yearly electricity power consumption data is available for each subscriber during the 

year 2015. Hourly data for the total power consumption for Gotland is available at the 

same period, which is used to distribute each subscriber's yearly consumption for each 

hour of the year. The load for each hour during 2015 are illustrated in Figure 3 below. 

 

Figure 3. Loads for Gotland during 2015. 
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3.4 PV power production data 

Data for electricity power production is available from the collaboration project Smart 

Grid Gotland. A module consisting of three 3.2 kW is connected symmetrically and 

collected data between September 11, 2013 until March 22, 2017. From this, production 

data for the period 2015 is extracted and used as example data matching the 

simulated PV plants installed in each grid. An installed PV plant in the simulations, 

corresponds to GEAB's PV plant package size small. This means an installed peak 

power of 3.23 kW. This amount of installed power is chosen since it is approximately a 

third of the average installed number of PV plants on a villa. If a household has 3 

installed PV plants it corresponds to a "villa package" with 9.7 kW installed peak 

power. When the amount of installed PV power is given in percent, 100 % equals a 9.7 

kW installation at every subscriber in the given grid. 

3.5 Power flow simulations 

Grid, load and power data based on given scenarios are all used to calculate the voltage 

and currents in the low voltage grid. The calculations are done by using the Newton-

Raphson power flow solution, an iterative method to calculate phase angles and voltage 

magnitudes in a power system. (H. Saadat, 2010) The method assumes a balanced three-

phase system where voltage and current magnitudes are equal in all phases. (J. Widen et 

al., 2010) 

The simulations are executed in MATLAB and data handled in Excel. Every simulation 

uses data from each node, the connection points in the grid. The boundary conditions 

are set as the voltage of the slack node, the first node on the down side of the 

transformer, here set to 400 V.  Results are provided when comparing each current, 

voltage or power flow to the given limits for each grid. Losses are calculated as the 

difference, in power used at the slack-node for simulations, with and without any PV 

power installed.  

3.5.1 City grid 

The size of the city grid results in long simulations times, which motivates a choosing 

of an extreme hour to be further simulated and examined. To create an extreme hour, all 

hourly values (load and power data) corresponding to 2015 are simulated once, at this 

stage with 50 % PV plants randomly installed for all customers connected. The first 

parameter to show as a limitation in the simulations and with largest exceeded value 

relative its limit is then selected as an extreme hour. In the case when the extreme hour 

is selected, excess current is the first parameter to show as a limitation in the simulation 

and therefore the hour with the largest excess current is selected as an extreme hour.   

When the extreme hour is selected, its specific values for loads and generation is used 

for simulating each case of limitation, while iterated with an increasing amount of 

randomly installed PV plants until one over value for a limitation is detected. Then the 
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same procedure is repeated, only this time finding the installed PV power when all 

values have exceeded the limit instead. When both the start and end values for installed 

PV power is detected, the range is divided into specific amounts of installed PV power. 

These specific amounts vary from two up to eight different amounts, they are selected in 

a way so the range is divided into equal intervals where the steps are integers. Each 

installed amount is then simulated 100 times, with a random uniform distribution, 

placing the PV panels at different subscribers in the grid. This method is done for all 

limitations cases.  

3.5.2 Rural grid 

Both rural grids are in size much smaller than the city grid and because of that 100 

simulations with all hourly values (load and sun data) are done. It is therefore not 

necessary to select an extreme hour as in the city case. Except for using all hourly 

values over all simulations, the same method as in the city grid is then used to find the 

start and end value for installed PV power. 

3.6 Projection of PV production 

The proportion of subscribers who have installed PV plants in 2025 is calculated with 

the total number of subscribers, which is assumed to be a constant number from 2017, 

and the number of subscribers with PV power installed.   

The share of installed PV power on Gotland 2025 is calculated with the amount of 

installed power in 2016 divided with the number of producers the same year. This 

gives an average value of installed PV power. The percentage for the year 2025 is found 

by the average value when multiplied with the number of producers that year. The 

number of subscribers with installed PV power, producers, 2025 is calculated with the 

projection sheet in Excel. Resulting numbers are illustrated in figure 4. 

 

Figure 4 – The projection of the number of subscribers with installed PV power on 

Gotland until 2025. 
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3.7 Sensitivity analysis 

Since many power grid companies have the policy of having 410 V as the voltage 

level close to the grid station, it is interesting to evaluate how this voltage level affect 

the rest of the grid with aspect to over voltages. The regional grid and the distribution 

grid are directly affected by each other and an increase of over voltages through the 

slack node can therefore create problems for both grid types. (Svensk energi, 2014) A 

sensitivity analysis is for that reason preformed on the voltage level that goes through 

the slack node. Two different voltage levels; 400 V and 410 V are simulated 100 times 

for each penetration power with same random spread of PV power installed over our 

three different grids; rural grid 1, rural grid 2 and the city grid. These simulations make 

it possible to obtain the results of over voltages for each grid with the two different 

slack node voltages. 

4. Results 

This section presents the results for each simulation case, sensitivity analysis and 

examination done in the project.  

4.1 Penetration power simulations 

Figure 5-13, shown below, illustrates the distribution of the amount exceeding limits for 

current, voltage and reversed power flow. Each amount of PV power installed, values in 

x-axis, represents the amount installed PV power that is randomly distributed among the 

subscribers in the grid. The y-axis represents the number of nodes in the grid with 

exceeding limits, where the total number of simulations distributed in the histogram are 

100.  

4.1.1 Rural grid 1 

Distribution of exceeding parameters, for each simulation, for rural grid 1 in figure 5, 6 

and 7. 
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Figure 5 - Rural grid 1. Distribution of exceeding currents for each given amount of 

installed PV power. Ranging from 22.4 to 73.6 kW. X-axis of each amount installed PV 

power is the number of simulations with the number of exceeding currents given at the 

Y-axis. 

 

Figure 6 - Rural grid 1. Distribution of exceeding voltages for each given amount of 

installed PV power. Ranging from 368 to 512 kW. X-axis of each amount installed PV 

power is the number of simulations with the number of exceeding voltages given at the 

Y-axis. 

 

Figure 7 - Rural grid 1. Distribution of exceeding power flows for each given amount of 

installed PV power. Ranging from 115.2 to 118.4 kW. X-axis of each amount installed 

PV power is the number of simulations with the number of exceeding power flows given 

at the Y-axis. 

As seen in figure 5, 6 and 7, excess current is the first limit to overturn in the rural grid 

1 and the first occurrence is when 38.5 % of consumers connected in the grid have one 

PV package (9.7 kW) installed on their roofs. For reverse power flow to become a 

problem, every subscriber must have at least 2 PV packages (19.4 kW) installed. To 

exceed voltage limitations 632.3 % installed PV packages in the grid before the voltage 
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exceed 440 V. Because rural 1 has 6 subscribers it means that every subscriber need to 

have 6.4 (62.1 kW) PV packages on their roof which will exceed the limit for 

microgeneration.  

4.1.2 Rural grid 2 

Distribution of exceeding parameters, for each simulation, for rural grid 1 in figure 8, 9 

and 10. 

 

 

Figure 8 - Rural grid 2. Distribution of exceeding currents for each given amount of 

installed PV power. Ranging from 44.8 to 83.2 kW. X-axis of each amount installed PV 

power is the number of simulations with the number of exceeding currents given at the 

Y-axis. 

 

Figure 9 - Rural grid 2. Distribution of exceeding voltages for each given amount of 

installed PV power. Ranging from 163.2 to 220.8 kW. X-axis of each amount installed 
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PV power is the number of simulations with the number of exceeding voltages given at 

the Y-axis. 

 

Figure 10 - Rural grid 2. Distribution of exceeding reversed power flows for each given 

amount of installed PV power. Ranging from 243.2 to 252.8 kW. X-axis of each amount 

installed PV power is the number of simulations with the number of exceeding power 

flows given at the Y-axis. 

Figure 8, 9 and 10 shows that the first parameter to affect the power quality is in this 
case excess current. At least one maximum current level is exceeded for a cable when 
33 % of subscribers have one PV package (9.7 kW) installed on their roofs. With 14 
subscribers connected to the rural grid 2, approximately 12 kW needs to be installed per 
subscriber to occur slow over voltages. To affect the transformers performance and 
therefore also reverse power flow, 17.5 kW needs to be installed per subscriber. This is 
far within the limit for what is allowed as microgeneration. 

4.1.3 City grid 

Distribution of exceeding parameters, for each simulation, for rural grid 1 in figure 11, 

12 and 13. 
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Figure 11 - City grid. Distribution of exceeding currents for each given amount of 

installed PV power. Ranging from 44.8 to 83.2 kW. X-axis of each amount installed PV 

power is the number of simulations with the number of exceeding currents given at the 

Y-axis. 

 

Figure 12 - City grid. Distribution of exceeding voltages for each given amount of 

installed PV power. Ranging from 1024 to 1472 kW. X-axis of each amount installed PV 

power is the number of simulations with the number of exceeding voltages given at the 

Y-axis. 
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Figure 13 - City grid. Distribution of exceeding reversed power flows for each given 

amount of installed PV power. Ranging from 1068.8 to 1084.8 kW. X-axis of each 

amount installed PV power is the number of simulations with the number of exceeding 

power flows given at the Y-axis. 

Seen in figure 11, 12 and 13, as in previous cases, excess current is the first limit to 

show problems. This will occur when 3.67 % of the subscribers has installed one PV 

package on their roof. Since the city grid has 125 subscribers this corresponds to 

7 households and a total of 64.6 kW installed PV power. The limit for over voltages is 

exceeded kW installed PV power. The limit for over voltages is exceeded when 84.5 % 

of the households have installed PV packages (1 MW) which in comparison to the 

current is a fairly large amount to install. Both maximum current and voltage exceeded 

their limits before the reverse power surpasses the transformers rated power in the city 

grid. The numbers of PV plants that must be installed to exceed the rated power are 88.1 

% (1.08 MW).  
 

4.1.4 Compiled penetration powers 

The percentage shown in table 6 corresponds to the number of subscribers with one 

solar package installed, divided over the amount of PV power installed in the grid when 

reaching a first exceeding limit.  Where 100 % represents all subscribers in the grid 

installing a PV package of 9.6 kW.  

Table 6. Percent of users for each grid whom will need GEABs PV package installed to 

exceed the limit for each parameter.   

Gird type   Current  Reverse power flow  Voltage  
City  3.67 %   88.1 %  84.5 %  
Rural 1  38.5 %  197.9 %  632.3 %  
Rural 2  33.0 %  179.1 %  120.2 %   
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4.2 Reduced losses 

Figure 14, 15 and 16 shows the reduced losses for each set of simulations, with 25 of 

the 100 simulations made for every amount of installed PV power. The reduced losses 

axis ranges from 104 to 107 for the different grids. 

 

Figure 14 - Rural grid 1. Reduced losses with increasing installed PV power, 25 of 100 

simulations used to show the varying range of losses. The simulations are sorted 

to show the range of reduced losses more easily. Each set of simulations from current, 

voltage and reversed power flow are shown with arrows. The color scale is only to 

illustrate the depth of the graph.  
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 Figure 15 - Rural grid 2. Reduced losses with increasing installed PV power, 25 of 100 

simulations used to show the varying range of losses. The simulations are sorted 

to show the range of reduced losses more easily. Each set of simulations from current, 

voltage and reversed power flow are shown with arrows. The color scale is only to 

illustrate the depth of the graph. 

 

Figure 16 - City grid. Reduced losses with increasing installed PV power, 25 of 100 

simulations used to show the varying range of losses. The simulations are sorted 

to show the range of reduced losses more easily. Each set of simulations from current, 

voltage and reversed power flow are shown with arrows. The color scale is only to 

illustrate the depth of the graph. 
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The mean values for the reduced losses, corresponding to each grid and the simulated 

limits, are presented in table 7 below.  

Table 7. Mean value of reduced losses for each set of simulations corresponding to 

current, voltage and reversed power flow.  

Grid type   Current  Reverse power flow  Voltage  
City  1.1 kW  58 kW  73 kW  
Rural 1  0.22 MW  1.5 MW  22 MW  
Rural 2  -0.3 MW  7.8 MW  4.0 MW  

 

4.3 Projections of PV power production results 

As seen in table 8 below, the subscribers with installed PV power is increasing to 814, 

which corresponds to 2 % on Gotland in 2025 with the projection, by then the amount 

of installed PV power will be 7800 kW, 0.00084 %, of the total amount of 

installed power. 

Table 8 – Percentage of subscribers with installed PV power and installed PV power on 

Gotland.  

Year  Subscribers 
with PV 
power %  

Number of 
subscribers 
with PV 
power  

Installed PV 
power on 
Gotland %  

Installed PV 
power on 
Gotland W   

2016  0.6 %  238  0.00025 %  2281 kW  
2025  2 %  814  0.00084 %  7800 kW  
 

4.4 Sensitivity analysis 

Figure 17, 18 and 19 shown below illustrates the number of exceeding voltages for each 

grid. The y-axis represents the number of exceeding voltages for slack node voltage 

levels; 400 V and 410 V and the x-axis represent each simulation out of the 100 

executed.  
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Figure 17. Shows the number of over voltages for the rural grid 1 with the two slack 

node voltages; 400 V and 410 V. Each simulation number has installed PV power of 

153 kWh. 

 

Figure 18. Shows the number of over voltages for the rural grid 2 with the two slack 

node voltages; 400 V and 410 V. Each simulation number has installed PV power 

of 345 kWh.  
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Figure 19. Shows the number of over voltages for the city grid with the two slack node 

voltages; 400 V and 410 V. Each simulation number has installed PV power 

of 961 kWh. 

5. Discussion 

In this section, the results from previous section are analysed and discussed. The 

discussion is then summarized in the last section, conclusions.  

5.1 Power quality limitations 

In all the created scenarios, excess current is the first parameter to become a limiting 

factor and create deteriorations on power quality. This could lead to shortened life 

length of components and cables connected to the power grid, as well as contributions 

to slow voltage variations and power losses. It could be various reasons why excess 

currents appear so largely and widespread in the different power grids. Cables, fuses 

and breakers may not be dimensioned properly and therefore it could be necessary to 

change to thicker cables and install more security devices.   

There is quite a big difference in the amount of installed PV power that is required per 

subscriber before the voltage exceeds the limits. Both rural grids need to install more 

power than an average PV package for slow over voltages to create problems on power 

quality. The city grid on the other hand need less installed power than average 

to create problems on power quality. However, this does not mean that over voltages 

does not appear at all before that. Minor overvoltage's occur earlier, but do not 

exceed the limit for what is defined as exceeding voltage. Rural grid 1 has especially 

good resistance against over voltages compared to the other grids. A cause for this 

might be that there are only 6 subscribers for rural 1 and the grid might be dimensioned 

to sustain more subscriber possibly connected in the future. Same reasoning could be 
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used as for rural 2 whilst the city grid may be more optimized in its original design, and 

therefore has lower tolerance of PV power installations in relations to its number of 

subscribers. However, it is important to note that our study only covers the low voltage 

grid and that the result for the medium voltage grid may be different. To create a deeper 

understanding of the different factors and outcomes, it could be useful to expand the 

study and examine the medium voltage grid as well. 

For all the grids, the under-voltage limit never exceeds during simulations and due to 

this, over voltage is the only voltage variation that becomes a problem regarding power 

quality. How much microgeneration affects over voltage depends largely on the grid 

structure, how many connected subscribers there are and if it is a matter of an urban or a 

rural area that is examined.  

The limits for reverse power flow are all quite high, with the city grid at 88 % as 

the lowest limit. Both the rural grids have over 170 % until their limits which 

means that the transformers currently used in the grid are well dimensioned to handle 

this type of problems with microgeneration.   

It is shown that the reversed power flows also cause reduced losses in the grid. The 

losses presented in figure 14, 15 and 16 shows a positive correlation between installed 

PV power and reduced losses. Notable is that the city grid, which has the smallest 

difference between the penetration limits, has losses that are only ranging from 1.1-73 

kW. While both rural grids are ranging between some MW. When only considering 

what losses that could be reduced before to many cables and other components must be 

changed, the largest amount is 220 kW for rural grid 1. While rural grid 2 instead boosts 

the losses with 300 kW, which could be acknowledge as a strong influence from the 

random distribution in the calculations. Concluding that losses might be unpredictable 

for low levels of installed PV power, while increasing amounts seem to cause larger 

reductions in losses. If assumed that the city grid is more optimal dimensioned than the 

rural grids, then the losses decreases as a motivating factor for installation of PV 

power to the grid owner. The reductions consist of 1.1 kW while the total amount PV 

power installed is 44 kW, 2.5 %, which gives an indication that the savings from 

reduced losses in the grid are not a major factor to consider while planning for installed 

PV power in the distribution grid.  

5.2 Investment analysis 

The actuality of these limits and problems discussed earlier are solely dependent on one 

decision. That is the investment in PV power to be installed on the roofs of residential 

and industrial buildings, spread out in the distribution grid. Since the technology of PV 

is a renewable source of energy, one could consider this one factor to motivate a 

decision to invest. The Swedish governments subsidies and investment support is also 

an important factor to acknowledge as motivating an investment. Today the investment 

support is the most profitable choice, since the ROT tax reduction will have to be raised 

to 70 % from the 30 % today. The owner of a microgeneration site also decreases his or 
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her dependence on distant production and grid maintenance, as well as fluctuating 

prices.  

When studying the price development in relation to number of installations in Sweden, 

a negative correlation appears to occur. When prices fall, more people invest. This 

might be the most fundamental relationship to consider when exploiting future scenarios 

and outlooks for the market of microgenerating PV plants. 

5.3 Future scenarios and calculations 

Energimyndigheten has put in a lot of effort in analyzing and projecting their four 

different scenarios for Sweden. While looking at changes in society, technological 

development and different driving factors they have provided different amounts of 

installed PV power until year 2025. Depending on what factor one chooses to distribute 

this amount, the resulting PV power that Gotland receives differs. The results range 

from 5.9 to 16 GW as the lowest amount and from 147.5 to 400 in the highest amount, 

at year 2025. Compared to the calculations based on a linear increase of historic data, 

7.8 MW, these amounts seem enormous. By using 3.67 %, the first exceeding limit, of 

Gotland’s yearly consumption we reach the value 35.9 GW, which then correspond to 

the limit of installed amount PV power. Placing the limit somewhere between the limits 

of Forte and Legato. If these 35.9 GW are evenly distributed 

over Gotland's subscribers,s this will bring an average installation of 870 kW which 

seems quite unrealistic since the limit for micro producers today is 43.5 kW.   

If instead the calculated value of 7.8 MW is assumed, the first constraint limit is far 

from being exceed, since it would lead to 0.00084 % installed PV power by 2025. The 

number of PV producers is projected to be 814 subscribers which results in a mean 

value of installed power of 9.58 kW, approximately the same power as a PV package 

used as standard installation in our simulations. The calculated scenarios have a few 

problems, it assumes that the number of subscribers stay constant. This does not have to 

be accurate but it would be very difficult to create future scenarios without that 

assumption. The assumption does not include the power per installation and therefore an 

average value is created for all the subscribers with installations. It also treats all 

subscribers with PV power as one and does not make a difference between an 

industry or a vacation house. 

5.4 Sensitivity analysis 

It is shown that when increasing the slack node voltage up to 410 V, the number of 

exceeding over voltages increases significantly for all grid types in the case 

studies. Because of the great difference between the slack node voltages 400 V and 410 

V, it appears to affect the power grids residual voltage level, the voltage level which is 

sent to the regional grid and both power grids power quality due to over voltages. Due 

to the difficulty of maintaining a voltage level around 400 V these results of an 

increase in exceeding over voltages at a voltage level of 410 V are possible to occur in 
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many different scenarios and occasions when maintaining and controlling the power 

grid. This may be in value for GEAB due to the current situation with the high amount 

of installed wind power, which creates uneven voltage levels in the distribution grid.  

The sensitivity analysis performed on rural grid 1 shows more than one over voltage 

that also occurs more than one time at the slack node voltage 410 V. This could depend 

on the process of finding the penetration power due to that the installed PV plants are 

randomly placed for all grids. For rural grid 1 it could have resulted in containing a 

higher penetration power instead the real one, and therefore figure 17 shows so many 

over voltages with slack node voltage 410 V. 

6. Conclusions 

According to the environmental policies and subsidies available today, and planned to 

exist further in the future, microgeneration of PV power is a source of energy which is 

going to keep increasing. The market for microgeneration of PV power is subsidized by 

the state, and the investment support contributes to the increasing investment in PV 

plants. It is though important to keep the limit to be categorized as a micro producer to 

get all the support from the state. The price for PV plants is decreasing. This makes the 

investment in PV power more profitable today than it was 10 years ago. With an 

increasing microgeneration of PV power, the distribution grids will need to be better 

dimensioned for the conditions and needs that will occur and exist in the future. To 

prevent negative impact on power quality it is important with smart investment and 

thoughtful planning and dimensioning of the power grid.  

This study shows that exceeding maximum current is the parameter to first limit and 

affect the power quality for all cases with increasing PV power installed. With excess 

current being the largest limiting factor of a good power quality, it is necessary to 

examine if cables and security devices are properly dimensioned. When exceeded 

overvoltages are observed, it is shown that it takes less installed PV power before the 

city grid exceeds the limit, than for the two rural grids. The rural grids are better 

dimensioned which makes them more robust against over voltages. For reverse power 

flow, the simulations show that once again the two rural grids are better 

dimensioned then the city grid. The two rural grids have approximately the same limit 

against reverse power flow, and it is almost the same as the city grids limitation. 

Common to all simulations is that losses are reduced with increasing amount PV power 

installed, yet the magnitude of the losses is not large enough to consider them important 

when planning for micro generating PV power in the distribution grid.  

These results are limited to the three distribution grids used in the case study, they give 

some indication on the differences of rural and city grid structures. Further investigation 

and calculations are yet necessary to predict the effects of PV power on the power 

quality of the distribution grid. 
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Appendix 

Schematics with given maximum currents for each grid, rural 1, rural 2 and city are 

presented below in same given order.  

 



Rural 1 - schematic overview



Rural 2 - schematic overview



City - schematic overview


