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1 Introduction 
 
The impact from photovoltaic-plants (PV-plants) on the power grid differs from that of other types of 
production typically found in Northern Europe (Norway, Sweden and Finland). The variation in 
production happens on a much shorter time-scale for a PV-plant than for a hydro power plant. The 
PV-installations considered in the project are all connected at the low-voltage grid which also differs 
from the majority of production commonly found in Northern Europe. 
Several parameters impact the amount of power produced by a PV-installation on any given moment 
in time. Some parameters are highly predictable, like for instance the location of the sun in relation 
to the module. Other parameters can be predicted with some level of accuracy up to a few hours 
ahead, for example the amount of cloud coverage and the ambient temperature. Even though the 
average direct irradiation can be somewhat predicted, one cloud passing the module can result in a 
rapid drop to zero for the direct irradiation and as a consequence also a big drop in production. In [1] 
p. 48 it is also shown that for a plant covering 10 km2 the possible drop in capacity due to passing 
clouds is as high as 20 % within a few minutes. This will result in fast voltage variations that the 
system has to cope with.   
 
The hosting capacity of the grid for solar power is the maximum amount of solar power than can be 
connected without endangering the reliability or voltage quality for other network users. The hosting 
capacity can be calculated for individual locations, but also for a larger area of even for a large 
interconnected system as a whole. Hosting-capacity studies are a very suitable way of quantifying the 
impact of new production, including solar power, on the grid. 
 
Measurements of voltage and current have been obtained during the project at the connection point 
of several PV installations. Different aspects of power quality have been considered based on the 
measurements and the hosting capacities have been estimated for these specific installations. The 
current waveform associated with a PV-converter is non-sinusoidal and can impact the presence of 
harmonic currents and voltages and consequences there of (see [2] [3] for more information on 
harmonics). From the measurements it can be concluded that the risk of injections of current 
harmonics with high amplitude is low. 

The mechanisms for participation of solar power in the electricity and ancillary service markets have 
been identified and methods using smart-grid technology have been evaluated. 
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2 Hosting Capacity 
The hosting capacity of the grid is the amount of new production or new consumption that can be 
connected without endangering the reliability or voltage quality for other network users. The hosting 
capacity can be calculated for individual locations but also for a larger area or even for a large 
interconnected system as a whole [1].  

When calculating the hosting capacity, an approach is to consider different phenomena that might 
limit the amount of production or consumption. For each of these phenomena, a performance index 
and an acceptable limit for this performance index is calculated. The value of the performance index 
is calculated as a function of (in our case) the amount of installed solar power capacity. When the 
performance index exceeds the acceptable limit, the hosting capacity for this phenomenon is 
exceeded. 

When multiple phenomena are considered, the hosting capacity is the lowest of the values found for 
the different phenomena. Methods for calculating the hosting capacity for individual phenomena are 
given in the forthcoming sections. 

2.1 Waveform distortion 
To calculate the hosting capacity, performance indices and acceptable limits have to be determined. 
The performance indices are chosen as the voltage distortion at the supply terminals to the network 
user located nearest to the solar-power installation. The acceptable limits are chosen equal to the 
limits for the individual harmonics in the Swedish regulation EIFS2011:2. Similar limits hold in other 
countries. 

For the estimation of the hosting capacity, we consider the following basic equation for adding the 
emission from the solar-power installation (SPI) to the background emission: 

𝑈ℎ���� = 𝑈ℎ0����� + 𝑍ℎ��� × 𝐼ℎ�  

The background voltage 𝑈ℎ0����� and the current emission 𝐼ℎ  ���for the given size of the solar-power 
installation are available from the measurements. 

Here is should be noted that all variables are complex numbers, with a magnitude and a phase angle. 
If harmonic groups and/or subgroups are measured, it is not possible to obtain waveform 
information. But if waveforms are available, the phase angle can be calculated; however, the 
magnitude will be a non-standard definition which could result in difficulties in comparing with the 
limits. 

When the phase angle is available, a sensitivity analysis can be obtained with respect to different 
ways of calculating the magnitude of the complex voltage and current at the harmonic frequencies. 

When the phase angle is not available, the complex additional will have to be estimated through a 
real addition. A commonly used approach is through a so-called aggregation exponent 𝛼. The 
addition of the emission from the solar-power installation and the background distortion is estimated 
as follows 

𝑈ℎ𝛼 = 𝑈ℎ0𝛼 + (𝑍ℎ𝐼ℎ)𝛼 
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In this case, all variables are real numbers. The choice of the aggregation exponent is a point of 
discussion and also here a sensitivity study is needed. Commonly used values are 𝛼 = 1 as the worst 
case when the harmonic magnitudes add; α = 2 the case when the harmonics have random phase 
angle and α = 1.4  which is an intermediate case. Recommendations are given in IEC 61000-3-6, but 
it is doubtful if these are valid for solar power installations. 

Information about aggregation can further be obtained from the measurements of the voltage 
distortion as a function of the current emission from the solar-power installations. 

To calculate the hosting capacity, it is necessary to consider larger installations than the ones on 
which measurements have been performed. As long as the solar-power installations are connected 
to the grid through one converter, it seems reasonable to assume that the current emission, in 
percentage of rated power, remains the same. When multiple converters are present, it is again 
needed to consider aggregation laws. Like before it will not be possible to decide on one specific 
aggregation law; therefore sensitivity analysis will again be necessary. 

No measurements have been performed of the source impedance at harmonic frequencies. When 
phase angle information of individual harmonic voltages and currents is available, estimation can be 
made of this. Here it is however proposed to use a number of typical low and medium-voltage 
networks and calculate the source impedance for these as a function of frequency. Both cable and 
underground networks should be considered. Important information needed is source impedance at 
50 Hz, total capacitance of lines or cables, resonance frequency and impedance at the resonance 
frequency. The latter will almost certainly require an estimation and information from literature. 

Once all the above information is available, the harmonic voltage can be calculated as a function of 
the installed solar power capacity. With the above-mentioned limits the hosting capacity can be 
calculated. 

2.2 Thermal overloading 
The solar-power installations will most likely be connected to low or medium-voltage networks, 
where there is a surplus of consumption (shortage of production). This means that the maximum 
loading of the network is due to the maximum consumption. Installing of small amounts of 
production will reduce the loading of the network. It can be shown that the maximum loading of the 
network will be less at least as long as the maximum production is less than the sum of minimum 
production and maximum production. This is a lower bound of the hosting capacity. 

To calculate the hosting capacity more accurately, time series should be available of production and 
consumption. For each small time period (for instance one hour; preferably shorter), the loading of a 
component (e.g. a transformer) is equal to the difference between production and consumption. 
When this difference exceeds the transport capacity of this component (the transformer capacity in 
this example) for at least one of the short time periods, the hosting capacity is exceeded. 

Time series of production from the solar-power installation have been obtained from our 
measurements. Time series of consumption should be obtained from network operators. To obtain 
most reliable results, it is desired that the consumption data is obtained over the same period of 
time as the production data and for a location geographically close. 
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The solar power production is assumed to be linear to the installed capacity, so that the measured 
production data can be linearly scaled in the hosting-capacity calculation. This could give some 
overestimation of the production (and thus an underestimation of the hosting capacity) as there will 
be some cancellation between installations especially when the number increases. There is however 
no data on this available from the project and the error made as perceived to be small, although no 
data on this is available. 

2.3 Supply voltage variations 
The injection of active power into the distribution network, by SPIs, results in an increase of the 
voltage magnitude. When the highest voltage magnitude exceeds the maximum acceptable limit 
(110% of nominal for the 10-min rms voltage) the hosting capacity has been exceeded. 

The following expression can be used to calculate the increase in voltage magnitude: 

𝑈 = 𝑈0 + 𝑅 × 𝑃 

Where 𝑈0 is the voltage before connection, R the resistive part of the source resistance at the point 
of common coupling and P the active power injected.  

It is proposed to use the value of R for a number of typical low and medium-voltage networks. The 
active-power production can be obtained from the measurements in combination with linear scaling 
as described before. 

The main concern is to obtain useful values for the background voltage 𝑈0. When a solar-power 
installation is connected to the LV network the highest voltage is most likely obtained at the 
terminals of the installation. Even for many installation spread through the LV network this is 
probably the case, but some studies are needed to verify this. 

When the SPI is connected at MV side, the highest voltage, the voltage at LV, in pu, could be higher 
than at MV because of different transformation ratios of distribution transformers used. Some 
discussion with local network operators about this may be needed. 

It is recommended to collect voltage magnitude data (in the form of time series) for LV customers at 
locations where large variations in voltage magnitude are expected already before connection of the 
SPI. These can next be combined with the measured production data to form a basis for the hosting-
capacity calculations. 

2.4 Electricity price 
North Sweden has a surplus of electricity production; the result is that the electricity price in this part 
of the country is often less than in the rest of the country. A snapshot1 of the power flows is shown in 
Figure 1 below. At that specific moment in time, the region SE1 had a net export of 1737 MW and the 
region SE2 of 3365 MW. The electricity price was the same throughout Sweden, Norway and 
Denmark at 33.65 €/MWh. That means that there were no transport limitations that put a barrier to 
the open electricity market within and between these countries. The electricity price in Finland and 
Estonia, at €40.28, was higher than in the other countries because the export into Finland was 

                                                           
1 The power flow was taken as the one at the moment that this part of text was written. 
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limited. The HVDC link between Sweden and Finland was out of operation which severely limits the 
transport capacity between these countries. 

 

Figure 1.  Power flows and electricity prices in the Nordic system on 9 October 2012, 15:30. 

If there would not be any transport capacity, the price would have been the same in all countries, 
equal to the so-called “system price” at 34.08 €/MWh. The limited transport capacity between 
Sweden and Finland thus resulted in a 1.3% lower price in Sweden, Norway and Denmark and a 
18.2% higher price in Finland and Estonia. 

When there would have been a significant amount of production from solar power in region SE1, its 
net export would have been even bigger than it already was. The result would have been an even 
lower price in Norway, Sweden and Denmark. The price in Finland and Estonia would not have been 
impacted, but the system price would have been lower. 

Another situation is shown in Figure 2, on a cold winter’s day. The price in SE1 and SE2 (and in 
Northern parts of Norway) is much lower than elsewhere. The transport capacity between SE2 and 
SE3 is not enough, resulting in market splitting (different prices in different parts of the market). 
Note the low prices in DK1 (Western Denmark), NO2 and Estonia, areas that had a large surplus of 
cheap production capacity at that moment. The low price in Western Denmark, for example, is due 
to wind power; occasionally negative prices occur here. 
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Figure 2.  Power flows and electricity prices in the Nordic system on 1 February 2012, 08:00 to 09:00. 

 

A large amount of solar power production in Northern Sweden will have a similar effect: prices will 
go down during periods of high production and low consumption. For the situation shown in Figure 
2, this would have meant a further drop in prices in SE1, SE2, NO3 and NO4. Most of the production 
in these areas is hydropower, which bids to the market with a non-zero price. The marginal 
production costs for hydropower are close to zero, but there is a value in keeping the water in the 
reservoirs for a time with a higher market price. There is no such value in solar or wind power; the 
result is that the owners of such installations, when they are part of the spot market, will bid at zero 
prices. Many small units will just produce their power without any relation to the market price; this 
will result in a reduction in the net consumption as seen from the market perspective.  

When the solar power production in SE1 will get very high, the transfer capacity with other regions 
will become insufficient. For the case in Figure 2, there is an additional 1613.5 MW transport 
capacity: 881.7 MW to NO4 and 731.8 MW to SE3. It is not possible to say which of the transfer 
capacities will be reached first, this depends on the bidding prices for the individual hydro power 
stations in the neighbouring regions. But if there would be more than 1613.5 MW solar power 
production in SE1, this region would become its own price zone, with likely a seriously lower price as 
a result. 

The reduction in electricity price will result in lower costs for the electricity consumers in the region; 
industrial customers with an hourly tariff will gain first. If such lower prices occur regularly, the 
market mechanisms should ensure that it will also affect the other consumers. The lower prices will 
also make it less attractive to install solar power in the region. The limited transport capacity out of 
the region will thus form a barrier against large growth of solar power. 
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It is not possible to calculate a definite hosting capacity, above which the system performance 
becomes unacceptable. It is however possible to estimate how more often the prices in northern 
Sweden will be lower than in southern Sweden, with increasing solar-power capacity in northern 
Sweden. Data about solar-power production is obtained from our own measurements; data about 
power flows between the different regions can be obtained from Nordpool 
(www.nordpoolspot.com). 

2.5 Frequency control 
It was mentioned in the previous section that increasing production of solar power in northern 
Sweden results in less production by hydropower. Those hydropower units play an important role in 
maintaining the stability of the whole Nordic system by providing operating reserve that comes 
available when a large power station somewhere in the Nordic system trips. 

The situation may occur that there are insufficient hydropower units in operation to keep the system 
secure. In that case the system operator (Svenska Kraftnät in this case) will have to order solar power 
units to shut down and to run hydropower units instead. This “order” will be in the form of “buy 
back” where the system operator buys electricity from the hydropower unit at the price at which 
they bid into the market and sells this to the solar power unit at their bidding price. The costs 
associated with this are put on the transmission tariffs and carried by all network users in Sweden. 

The amount of solar power at which this occurs depends on the ability of hydropower units to deliver 
operational reserve and on the presence of wind and solar power in other parts of the Nordic 
system. An accurate estimation would require significant amounts of input data and is beyond the 
scope of this project. 
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3 Measurement data 
The data needed to perform the calculations described in the previous chapter are obtained from 
different sources. In this chapter those sources are briefly described. Next to these data sources, a 
number of assumptions will have to be made; some of these are discussed in the previous chapter. 
We will also return to those assumptions when discussing the calculations and the calculation results 
in more detail in the forthcoming chapters. 

3.1 Measurements at the solar-power installations’ 
Our own measurements at a number of locations give us information on the active-power production 
and the harmonic emission as a function of time. 

The active-power production is needed to perform calculations on thermal overloading, supply 
voltage variations and electricity price. 

The harmonic emission is needed to calculate the hosting capacity for waveform distortion. 

Measurements of voltage and current at a number of locations with PV-installations have been 
performed.  

• 20 kW installation in the city of Skellefteå. (Sometimes referred to as Sweden 1) Three phase 
connection, mounted on the roof top of the city hall in Skellefteå.  

• 20 kW installation in the city of Piteå, Sweden. (Sometimes referred to as Sweden 2) Three 
phase connection close to the distribution transformer at the office building housing Piteå 
Energi. 

• 1.5 kW installation in the city of Narvik, Norway. Single phase connection.  
• 2 kW installation in the city of Loue, Finland. Single phase connection. 
• 2.5 kW installation in the city of Skellefteå, Sweden. Single phase connection, mounted at the 

roof of the Pher Högström laboratory at Luleå University of Technology in Skellefteå. 

3.2 Data from Nordpool 
Data on electricity prices and flow between regions in the Nordic transmission system are needed to 
perform calculations on electricity prices. This data has been obtained from the public part of 
Nordpool’s website. 

3.3 Consumption 
Time series have been obtained for the consumption at locations in the network where solar-power 
installations can be expected. This is needed to estimate the hosting capacity due to thermal 
overload. 
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4 Grounding 
In the project an interest was to deal with issues concerning grounding in Narvik (Norway), Piteå 
(Sweden) and Chemistry/Tervola (Finland). The purpose was to compare the different facilities 
constructed in different countries and to identify any interesting issues for further study from this 
comparison. 

Because the plant in Finland did not start operating until the end of the project, no direct 
comparative measurements could be performed related to grounding. No problem directly related to 
the grounding has been observed with any of the installations during the project period. 

An important issue for the electrical connection of devices is how they are grounded. This applies 
both to power quality and to electrical safety. The latter regards the safety of people, animals and 
equipment. 
During the installation and electrical connection of devices to the grid, in this case a PV system in a 
plant, a number of standards and regulations must be met. The requirements vary slightly between 
Sweden, Norway and Finland, but the requirements have, in recent years, been largely harmonized in 
Europe. Therefore only the Swedish situation will be described here. 
 
The most important of these for a facility in Sweden are according to: 

 Swedish installation code; regulation ELSÄK-FS 2004:1.  
 Swedish standard SS 436 40 00 ” Low-voltage electrical installations - Rules for design and 

erection of electrical installations” 
 Svensk standard SS 437 01 40  Connection of low-voltage installations to the utility supply 

network”  

A set of recommendations has been issued by the Swedish branch organisation for network 
operators and power producers (Swedish Energy) that cover several aspects of the connection of 
solar-power installations as well. 

A number of international standards apply for installations as well: 

 IEC 60364-7-712:2002-05 Electrical installations of buildings – Part 7-712: Requirements for 
special installations or locations – Solar photovoltaic (PV) power supply systems 

 Technical specifications IEC TS 62257-7-1:2006-12 Recommendations for small renewable energy 
and hybrid systems for rural electrification – Part 7-1: Generators – Photovoltaic arrays 

 Technical specifications IEC 62257-5:2005-07 Recommendations for small renewable energy and 
hybrid systems for rural electrification – Part 5: Protection against electrical hazards 

In addition to this, the manufacturer provides in the installation guide instructions for how the PV 
system installation should be built. 

As an example, if the inverter has a transformer, normally negative or positive part of DC-side is 
grounded, if the inverter has no transformer, grounding of DC-side negative or positive part is 
prohibited.   
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Because the PV generator has a large surface, the stray capacity with respect to ground can reach 
high values. In the case no transformer is used, a common-mode current, icm shown in Figure 3, 
caused by the common mode voltage, can flow through the stray capacitance between the PV array 
and the ground. 

 

 

 
Figure 3.  Showing the common-mode current loop icm due to stray capacitance and common mode voltage 

 
The value of stray capacitance depends on many factors: distance between PV generator and 
the ground surface, area of cells and distance between cells, PV generator and frame structure, 
weather conditions, humidity and dust covering the PV panel. 
 
In this project all the PV generators were placed high over the ground and the metal 
construction behind the PV generator has been sparse. This gave the possibility to keep the 
stray capacity low, reducing the common-mode current, icm. 
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Figure 4.  Details of the Narvik installation grounding. The distance between the inverter and the PV generator is kept 
short. 
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Figure 5.  Details of the Narvik installation. The large distance between the PV generator and ground and the sparse 
metal construction keep the stray capacitance low. 
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5 Waveform distortion 

5.1 Conducted emission 
The current waveform associated with a PV-converter is non-sinusoidal, also referred to as the 
presence of harmonic currents. Harmonics are multiples on the fundamental frequency that are 
caused by the non-linearity of equipment connected to the grid. There are several standards setting 
limits to harmonic levels. There are limits to individual harmonics both in voltage and current and 
also to the total harmonic distortion, THD. THD is calculated by: 

𝑇𝐻𝐷 = ��(𝑢ℎ)2
40

ℎ=2

 

Where uh is the amplitude of harmonic number h related to the fundamental component. Limits to 
harmonics are set both for voltage and current. For equipment that draws a current less than 16 A 
European standard 61000-3-2 apply. Equipment that draws a current between 16 A and 75 A falls 
under European standard EN 61000-3-12. Individual voltage harmonics limits are set by in Sweden by 
EIFS 2011:2 and in several other European countries by EN 50160. 
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At high production the PV-installations are near unity power factor and the current harmonic 
emission expressed as percent of the fundamental is relatively low. What matters to the grid is 
however the absolute value of the magnitude of the harmonic distortion (expressed in A or mA) and 
all presented data will be in absolute value. 

In Figure 6 the current and voltage waveform from the 2 kW installation in Finland is shown for high 
and low production. As can be seen in the figure, the current waveform is close to sinusoidal, 
especially at high production, even if there are some deviations.   

 

Figure 6 Voltage (green) and current (blue) waveform from a 2 kW installation in Finland at low (top) and high (bottom) 
production levels. 
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5.2 Current harmonics 
The total current harmonic emission from the PV-plants varies over time, it is always present during 
production but the amplitude is not directly linked to the amount of production as can be seen in 
Figure 7 where a measurement from one of the 20 kW plants is shown. At zero production the 
harmonic current amplitude is also close to zero. Some parameters can effect the harmonic emission; 
the voltage distortion caused by the generated current distortion can attenuate the net harmonic 
currents from an installation and variations in harmonic phase angles from emission originating from 
other connected equipment can also decrease the harmonic distortion from the installation as a 
whole [4]. 

 

 

Figure 7 top, production for one phase of the 20 kW system during one week. Bottom, rms value of 
the total harmonic distortion during the same period. 

 

The dominating harmonics found during these measurements are the same as those traditionally 
associated with non-linear loads in the low voltage grid, i.e. the lower order odd harmonics. The 
maximum magnitude of the individual current harmonics (order 2-40 and 40-125) during one hour 
with full production is shown in Figure 8 and Figure 9. The harmonic spectrum was obtained over 
every 10-cycle interval (200ms) during the hour with maximum production. For each harmonic order, 
the highest 10-cycle value during that hour was selected. 
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Figure 8 Max harmonic spectrum for order 2 to 40 during one hour with full production for four locations. 

 

Figure 9 Max harmonic spectrum for order 40 to 125 during one hour with full production for four locations. 

The magnitude of the individual harmonics measured at the connection point of the different 
installations is not constant for different production levels. These PV-installations are all connected in 
the public grid and the presence of other loads will also affect the harmonic levels to some extent. 
Some of the individual voltage and current harmonics plotted against the production level are shown 
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in Figure 10 to Figure 21. It is shown that the individual harmonic magnitude is not directly linked to 
the production level i.e. the highest harmonic amplitude is not found at the highest fundamental (50 
Hz) amplitude in all cases. For the third harmonic current it can be seen in Figure 10 that at the 
location in Finland the magnitude seems to increase with increased power. This is not the case at the 
three other locations where the highest magnitudes occur for low production, then decrease and 
somewhat level out for higher production.  

 

Figure 10 Average magnitude of the 3rd harmonic at four different locations during different production levels 
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Figure 11 Average magnitude of the 5th harmonic for four different locations during different production levels  

 

Figure 12 Average magnitude of the 7th harmonic for four different locations during different production levels 
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Figure 13 Average magnitude of the 9th harmonic for four different locations during different production levels 

For the locations Finland and Sweden 2 the amplitude of the 11th and 13th harmonic seen in Figure 14 
and Figure 15 seems to be uncorrelated to the production. At the location Norway and particularly at 
the location Sweden 1 the linear correlation between production and harmonic current is strong; 
0.78 for the 11th harmonic and 0.71 for the 13th. Except for harmonic 15, the values for the higher 
order harmonics (9th to 17th) at the location Sweden 1 are higher compared to the other three 
locations.  
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Figure 14 Average magnitude of the 11th harmonic current at four different locations during different production levels 

 

Figure 15 Average magnitude of the 13th harmonic current at four different locations during different production levels 
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Figure 16 Average magnitude of the 15th harmonic current at four different locations during different production levels 

 

Figure 17 Average magnitude of the 17th harmonic current at four different locations during different production levels 
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5.3 Voltage harmonics 
The amplitude of the individual voltage harmonics during different production levels are presented in 
Figure 18 to Figure 25. The individual voltage harmonics, like the current harmonics, show no clear 
linear correlation to the production, shown in Table 1. There are some exceptions, for instance 
harmonic 5 and 7 at the location in Finland with a linear correlation of 0.8 and 0.79 respectively. The 
strongest correlation, 0.84, for an individual voltage harmonic is the 9th harmonic measured at the 
Sweden 2 location.  

 

Figure 18 Third Harmonic voltage at four different locations during different production levels 
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Figure 19 5th harmonic voltage at four different locations during different production levels 

 

Figure 20 7th harmonic voltage at four different locations during different production levels 
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Figure 21 9th harmonic voltage at four different locations during different production levels 

 

Figure 22 11th harmonic voltage at four different locations during different production levels 
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Figure 23 13th harmonic voltage at four different locations during different production levels 

 

Figure 24 15th harmonic voltage at four different locations during different production levels 
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Figure 25 17th harmonic voltage at four different locations during different production levels 

In Table 1 the correlation between active power and the amplitude of the individual odd harmonics 3 
to 17 are shown. The overall strongest correlation is found for the 3rd current harmonic at the 
location in Finland where the correlation is as high as 0.97. However, there are no clear trend, some 
harmonics show negative correlation while other positive. Compering the same harmonic number for 
different location it is also shown that there is no clear trend; the 3rd harmonic that showed strong 
positive correlation at the location in Finland have negative correlation at the other locations.  

Table 1 Linear correlation between active power and individual harmonics 

 

Sweden 1 Sweden 2 Norway Finland
Harmonic Voltage Current Harmonic Voltage Current Harmonic Voltage Current Harmonic Voltage Current

3 0,71 -0,51 3 0,46 -0,75 3 -0,02 -0,5 3 0,63 0,97
5 0,57 -0,48 5 0,22 0,42 5 0,41 0,48 5 0,8 0,91
7 0,62 0,34 7 -0,69 -0,57 7 0,42 -0,16 7 0,35 0,74
9 0,62 0,36 9 0,84 0,33 9 0,02 -0,58 9 0,79 0,74

11 -0,33 0,78 11 -0,6 -0,22 11 0,4 0,78 11 -0,6 -0,34
13 -0,43 0,7 13 -0,8 -0,27 13 -0,06 0,77 13 -0,72 -0,13
15 0,05 0,28 15 -0,8 -0,46 15 -0,26 0,36 15 -0,12 0,47
17 -0,61 0,56 17 -0,67 -0,02 17 0,22 0,23 17 -0,21 -0,2
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Figure 26 Relationship between fifth harmonic voltage and fifth harmonic current at different locations 

 

Figure 27 Relationship between eleventh harmonic voltage and eleventh harmonic current at different locations 
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In Table 2 the linear correlation of the individual harmonic voltages and currents are presented. The 
strongest correlation is found between the fifth harmonic voltage and current at the location in 
Finland (0.96) followed by the eleventh harmonic at the same location (0.93). Except for the location 
in Finland the correlation between the harmonic voltage and harmonic currents are weak. 

Table 2 Linear correlation between harmonic voltage and harmonic currents 

 

To compare the distortion levels with and without PV, one hour in the middle of January, during 
office hours, and one hour in April, during the Easter holiday were chosen. The assumption was made 
that during the Good Friday there were only minimum activity in the office building and at the same 
time there were high PV production. During January there is no production at the installation in Piteå 
due to the absence of irradiation and a timeframe during office hours was chosen. The 50 percentile 
of the voltage amplitude of the individual harmonics 3 to 9 is shown in Figure 28 for the two 
instances.    

 

Figure 28 Harmonic voltage with PV and Harmonic voltage without PV 

Sweden 1 Sweden 2 Norway Finland
Harmonic Correlation Harmonic Correlation Harmonic Correlation Harmonic Correlation

3 -0,4 3 -0,37 3 0,14 3 0,58
5 0,09 5 0,48 5 0,38 5 0,96
7 0,55 7 0,6 7 -0,38 7 0,86
9 0,25 9 0,42 9 0,08 9 0,8

11 0,15 11 0,28 11 0,36 11 0,93
13 0,06 13 0,29 13 -0,18 13 0,64
15 0,34 15 0,44 15 -0,1 15 0,5
17 -0,29 17 0,05 17 0,44 17 0,47
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As can be seen in Figure 28 harmonic 5 and 7 are higher at the instance with high PV-production and 
low activity at the office building and for harmonic 3 there is the inverse. The amplitude of harmonic 
9 remains the same.   

5.4 Hosting capacity calculations 

5.4.1 Harmonic emission 
European standard IEC 61000-3-12 sets limit to harmonic currents produced by equipment 
connected to the low voltage grid with input current between 16 A and 75 A. The measurements 
from the installation in Piteå have been compared to the limits set by the aforementioned standard 
for individual harmonics. The strictest limits have been used; short-circuit ratio of 33 and a rated 
current of 30 A corresponding to the max current for a 20 kW production. Shown in Figure 29 is the 
individual Individual harmonic current H3 to H9 at the Piteå installation. The horizontal line 
corresponds to the limit set by IEC 61000-3-12. As can be seen in Figure 29 the magnitudes for odd 
harmonics 3 to 9 are well below the limits. This holds also for the other locations measured. 

 

Figure 29 Individual harmonic current H3 to H9 at the Piteå installation. Horizontal line corresponds to the limit set by IEC 
61000-3-12 

To stay within the scope of standard IEC 61000-3-12 a maximum rated current of 75 A is possible. 
This means that the present installation can increase with a factor of 2.5. The maximum value of the 
fifth harmonic measured during the time frame presented in Figure 29 is 0.65 A, the limit for an 
equipment with rated current 30 A is 3.21 A. Not taking into consideration aggregation effects, 2.5 
times the present installation would lead to an amplitude of the fifth harmonic of 1.625 A. However, 
this mean that the rated current would increase and as a consequence also the limit for individual 
harmonics (8.025 A for the fifth harmonic).  
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In Figure 30 the individual harmonics 11 and 13 are presented in relation to the limit set by IEC 
61000-3-12. Limits for harmonics over 13 are not defined in the standard, they are however included 
in the total harmonic current limit. 

 

Figure 30 Individual harmonic current H11 to H13 at the Piteå installation. Horizontal line corresponds to the limit set by 
IEC 61000-3-12 

As seen in Figure 30 the amplitude of harmonic 11 and 13 are below the limit at the Piteå location.  

The only individual current harmonic found to exceed the limit during the time frame of the 
measurements is harmonic 11 measured at the town hall in Skellefteå. The 11th harmonic plotted 
against the active power is shown in Figure 31 for the location Sweden 1. The amplitude goes above 
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the limit at some instances for medium and high production levels.

 

Figure 31 Eleventh harmonic at one location in Sweden for different production levels. The horizontal line corresponds to 
the limit set by IEC 61000-3-12 

The 6-min average of the eleventh harmonic was plotted for the timeframe October 2012 until end 
of April 2013 in Figure 32. The low levels in the middle of the measurement correspond to the 
wintertime when the PV-plant is not producing any electricity due to lack of irradiation and snow 
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covering the panels.   

 

Figure 32 6-min average of the 11th harmonic over time at Sweden 1. The horizontal line correspond to the limit set by 
IEC 61000-3-12 

The individual voltage harmonics have been compared to the limits set by Swedish regulation EIFS 
2011:2. All voltage harmonics presented are below the limits. In Figure 33 and Figure 34 the 
amplitude of the voltage harmonics in relation to the limits are presented as measured at location 
Sweden 2. 
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Figure 33 Individual harmonic voltage H3 to H9 at the Piteå installation. Horizontal line corresponds to the limit set by 
EIFS 2011:2 
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Figure 34 Individual harmonic voltage H11 to H17 at the Piteå installation. Horizontal line corresponds to the limit set by 
EIFS 2011:2 
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6 Voltage rise 
One concern with integration of PV in the LV-grid are the voltage variations, especially the risk of 
overvoltage, that can occur at the end of a feeder due to the production. This is more critical in rural 
areas with long feeders where the impedance at the point of connection can be high. European 
standard EN 50160 states that for a time period of a week, 95 % of all 10 min average values of the 
voltage magnitude at the delivery point should be no less than 90 % and no higher than 110 % of 
nominal during normal operation. Several European countries have more strict requirements, see [3] 
for an overview. Measurements have been performed at the different installations. The installations 
are all connected in urban areas where the grid can be considered sufficiently strong to support the 
injection of the produced power.  

In Figure 35 the voltage variation measured at the two three-phase connected 20 kW installations 
during two weeks is shown. At the location on the right side in Figure 35 the 20 kW PV-modules are 
connected very close to the secondary side of the 10/0.4 transformer and the linear correlation 
between voltage magnitude and current/production is low, -0.1. For the plant shown on the left 
hand side in Figure 35 one can see a slight increase in voltage amplitude as the current amplitude 
increases but the voltage variation is dominated by variations not due to the solar panel. The linear 
correlation between voltage amplitude and current amplitude remains low, 0.06.  

    

 

Figure 35 Voltage variation at the two 20 kW three phase connected plants, on the right the fixed 
system and on the left the system with 2-axis tracking 

 

In Figure 36, right, the voltage magnitude as a function of the current is presented for the single 
phase connected installation of 2.5 kW. The linear correlation between voltage and current during 
this time (app 48 h) is strong; 0.84. The voltage variation for low production levels is about ±3 V; 
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these variations are due to normal operation in the grid. As the production increases so does the 
voltage and magnitude reaches 104 % for maximum production (the permitted level according to EN 
50160 is 110 %). It is however important to mention that this measurement involved a staged 
experiment where the PV installation was connected at the end of a relatively long LV cable without 
any other load connected, representing a remote customer during no load.  

For PV-plants connected at distribution level the relative voltage variation can be approximated using 
the equation below where U is the nominal voltage, R the source resistance and P is the injected 
active power [1]. 

 

∆𝑈
𝑈

=
𝑅 ∗ 𝑃𝑃𝑉
𝑈2  

 

The impedance at the phase to neutral connection point for the 2.5 kW installation has been 
measured to 1.11 Ω. Using the aforementioned equation to calculate the possible voltage rise gives a 
voltage variation of 5 % with full production, which is in agreement with the measurement.   

 

 

Figure 36 Voltage rise due to increased production 

On the left hand side in Figure 36 the voltage and current magnitude for 14 days is presented at a 
single phase connected PV-installation of 1.5 kW. The voltage variations during low production are 
somewhat higher, ±4 V, compared with the location presented on the right side. The highest value 
recorded during these 14 days is 243 V which corresponds to 106 % of nominal and this occurred 
when the current was just below 6 Arms, note here that the voltage amplitude for low or no 
production is slightly higher than 230V. In Figure 37 the voltage variations measured at the plant in 
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Finland are shown. At the connection of the 2 kW plant the impedance has been measured to 0.1 Ω 
and as can be seen in Figure 37 the injection of produced power to the grid has no effect on the 
voltage magnitude at the connection point. 

 

Figure 37  Voltage variation at the connection point of a single phase installation in Finland. 

The voltage magnitude values as measured at the connection point of the 20 kW plant in Piteå during 
one year have been used to calculate the theoretical hosting capacity of a PV-plant. In Figure 38 an 
impedance of 1 ohm at the connection point has been assumed and the potential voltage rise has 
been calculated for different starting voltage magnitudes.  As starting voltage the max, min and 
average value of the voltage measured at the Piteå location during a year have been used. If the 
lowest value, 228V, is used it would be possible to connect just over 5.7 kW of PV.  When the voltage 
magnitude at the connection point is at its highest, 240.6, the amount of PV that could be connected 
without risking a voltage rise over the limit set by EN 50160, decreases with 50 % to 2.5 kW as seen 
in Figure 38.  
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Figure 38 Resulting voltage magnitude at different power production and a source impedance of 1 
ohm. Calculation assumes starting voltage at max, min and average value of the voltage measured 
at the Piteå location during a year and no load. The horizontal line corresponds to 110 % of 
nominal (EN 50160) 

Assuming a worst case scenario with a starting voltage of the maximum value measured and by 
varying the source impedance it is shown that with a 20 % increase in impedance there is a 20 % 
decrease in possible amount of PV as shown in Figure 39.  

 

Figure 39 Resulting voltage magnitude at different power production and source impedance. 
Calculation assumes starting voltage Vmax (maximum voltage measured at Piteå, 240.6V) and no 
load. Production measured at the Piteå location during a year (10min average). The horizontal line 
corresponds to 110 % of nominal (EN 50160) 

In the same way as an injection of power into the grid causes a voltage rise will consumption of 
power from the grid cause a voltage drop. In Figure 38 and Figure 39 a “worst case” scenario was 
shown; high production and zero consumption. A more likely scenario is that there is always some 
consumption. The hourly consumption for a detached house in the northern part of Sweden has 
been recorded during one year. The consumption for the house never reached zero. The minimum 
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hourly value was 0.2 kW, the maximum hourly value measured was 8 kW. Only for 5 % of the time 
the hourly consumption was below 0.5 kW.  

In Figure 40 the production from the installation in Piteå is shown together with the net power 
consumption for the office building. As for the detached house the consumption for the office 
building never reaches zero. The minimum hourly consumption during 2011 was 22.4 kW and the 5 
percentile value for the consumption at the office building was 27.8 kW. 

 

Figure 40 Production and net power consumption during seven consecutive days in June 2012 at the 20 kW PV-plant in 
Piteå 

Measurements for the PV-production from Piteå have been combined with consumption from a 
domestic customer in the northern part of Sweden. Only measurements for one phase have been 
used corresponding to a PV-installation of max 6 kW and equal consumption for all phases has been 
assumed. Using the measured voltage level as a starting level for every hour the hypothetic voltage 
rise has been calculated and is shown in Figure 41.  The voltage magnitude will be highest during the 
summer when production is high at the same time as the consumption is low. At no moment during 
this year would the voltage magnitude have exceeded the 110% limit set by EN50160. 
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Figure 41 Resulting voltage magnitude when measured values of consumption and production are 
used together with a source impedance of 1 ohm. The voltage magnitude rise is highest during the 
summer when the production from the solar cells is high at the same time as the consumption is 
low. 

If the same measurements as in Figure 41 are used but the source impedance is increased to 1.2 ohm 
the maximum voltage magnitude will exceed the limit of 253 V at one instance during the year.  

 

Figure 42 Resulting voltage magnitude when measured values of production and consumption are 
used together with a source impedance of 1.2 ohm 

7 Thermal overloading 
 

7.1 Use of new technology / smart grids 
The amount of PV that is possible to install at a location is limited by several parameters. To 
maximize the amount of PV at a location one can consider curtailment. Curtailment is a tool used to 
ensure that the system doesn’t collapse in case of a non-secure operation. This can be done in a 
number of ways, for example by doing rotating interruptions during times with a shortage of 
production [5].  

Overloading is one parameter that has to be taken under consideration when planning a PV 
installation. Thermal overloading occurs when the current gets too high and as a result the 
temperature rises. The cables and transformers have to withstand the maximum current that will 
flow due to the production. Overloading is also a term to describe a state with an unacceptable 
voltage magnitude. This could be either a voltage drop due to high consumption or a voltage rise due 
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to high production. A third way to describe overloading is when there is an unbalance between 
production and consumption with the consequence that the frequency deviates from the 
fundamental 50 Hz (in Sweden).  In this section we will only consider thermal overloading.   

The maximum active power flow at a location with PV-production will occur at times with maximum 
production and minimum consumption [1]. The active power flow at a location can be expressed as: 

𝑃(𝑡) = 𝑃𝑐𝑜𝑛𝑠(𝑡) − 𝑃𝑝𝑟𝑜𝑑(𝑡) 

With the existing installation in Piteå; an office building, a 20-kW PV-plant both connected to a 500-
kVA transformer there is at the present no risk of overloading the transformer. During the year the 
measurements took place the consumption of the office building was always higher than the 
production from the PV-plant so at no time did back feeding take place. The minimum value for the 
consumption measured was 22.4 kW; the maximum production during 2012 was 17.8 kW 

During one year, using measured values for the consumption (2011) and the production (2012), the 
need for curtailment due to overloading of the transformer occurred zero times as expected.  

Assuming that additional plants are connected at the same location it is feasible to think that the 
production from those plants would be close to the production of the existing plant as they would be 
exposed to the same amount of irradiation. The impact from clouds partially shading the modules 
can likely be ignored for the hourly values. The highest loading of the transformer would occur at full 
production and zero load so theoretically the amount of PV that is possible to install would be at 
least 500 kW, where we assume zero reactive-power and nominal voltage. The power factor is close 
to zero during full production meaning that the active power can be considered equal to the 
apparent power.  
 
Calculations of the potential need for curtailment based on the measurements from the plant in 
Piteå have been made and are shown in Figure 43 to Figure 45. The consumption at this location is 
due to an office building and the maximum consumption measured was 152 kW. Based on this a 
maximum source size of 160 kW was used. The calculations were made for hard curtailment as well 
as for soft curtailment. For hard curtailment the entire PV-production is disconnected if a preset 
threshold is met. For soft curtailment the production is only reduced so as to get the level below the 
limit.   
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Figure 43 Amount of curtailed energy for hard curtailment (red) and soft curtailment (black 
dashed) for the location in Piteå. 

When the worst-case approach is used and curtailment is not possible (this is sometimes referred to 
as “firm hosting capacity”), maximum production would be assumed to coincide with zero 
consumption. The hosting capacity would be 160 kW in that case and to connect a larger installation 
strengthening of the grid will be needed. 

Using curtailment, there is no longer any limit to the installed capacity set by the grid. Instead, the 
production will be curtailed whenever a risk of thermal overload occurs. For installed capacity below 
200 kW no curtailment would be needed as can be seen in Figure 43. Installations significantly larger 
than 160 kW (the firm hosting capacity) can be connected with curtailment taking place only a small 
percentage of time. 

If hard curtailment would be used the amount of curtailed energy would increase fast, with an 
installed capacity of 400 kW the amount would reach 6.35 MWh/week. For soft curtailment the 
amount would be 1.7 MWh/week with a capacity of 400 kW.  

In Figure 44 the amount of produced energy with hard and soft curtailment is shown. The produced 
energy will increase for increased installed capacity. If soft curtailment is used; the increase will 
decrease for levels above 200 kW but there is still an increase. If hard curtailment is used a point one 
will be reached where the produced energy will start to decrease as the installed capacity increases. 
As shown in Figure 44; the same amount of energy will be produced with an installed capacity of 210 
kW as with 270 kW if hard curtailment is used.  When using hard curtailment, the maximum 
production is obtained for an installed capacity around 250 kW. For larger installed capacity, the 
produced energy reduces.  
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Figure 44 Amount of produced energy for hard curtailment (red) and soft curtailment (black 
dashed) for the location in Piteå 

In Figure 45 the number of hours per week curtailment would be needed at the location in Piteå 
assuming an increase in installed capacity and the present consumption at the office building. 

 

Figure 45 Number of hours where curtailment would be needed. 
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A strong positive correlation between consumption and production, meaning that high production 
occurs at times with high consumption, will reduce the loading of the grid. The production from the 
plant in Piteå was combined with the consumption at the office building (see Figure 43 to Figure 45) 
and correlation was found to be slightly positive, 0.1.  The consumption from a detached house 
located not far from the PV-plant was then combined with the production. In this case the 
consumption was scaled with a factor of 20 to give a better comparison to the consumption at the 
office building. The correlation between the production and the consumption of the detached house 
is slightly negative, -0.21, i.e. high production is more likely to occur at times with low consumption. 

In Figure 46 the amount of produced energy for hard curtailment and soft curtailment is shown with 
the different consumption patterns (detached house and office building). When hard curtailment is 
used, the maximum production (for the combination PV and office building) is obtained for an 
installed capacity around 250 kW. This is reduced to 215 kW for the case combined PV and detached 
house. 

 

 

Figure 46 Amount of produced energy for hard curtailment (red) and soft curtailment (black 
dashed) for the location in Piteå when the production is combined with the consumption from a 
detached house and the amount of produced energy for hard curtailment (blue) and soft 
curtailment (green dashed) for the location in Piteå when the production is combined with the 
consumption from an office building 
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8 Transmission system 
In this section we will discuss the impact of large amounts of solar power on the transmission system, 
specifically the transmission system’s capability to transfer the electrical energy produced by solar 
power to areas with a shortage of production. This section is largely based on data downloaded from 
NordPool (http://www.nordpoolspot.com) and from measurements of solar production with an 
installation in Piteå. 

8.1 Transfer in and out of price area SE1 
Hourly data is available on the power flows between the price areas in the Northern-European 
electricity market. This data has been used to calculate the annual amount of energy transported and 
the extent to which the transmission system is utilized. Some of the results are shown in Table 3. The 
annual energy is calculated for each direction of the flow, by adding the hourly flows (MWh/h). The 
annual capacity is obtained in the same way by adding the hourly capacities. The capacity uses is the 
percentage of the annual capacity that is used to actually transfer energy. If the transfer would be at 
its capacity during the whole year, the capacity used would be 100%. The last column gives how 
many hours per year during which there is flow in a certain direction. 

Table 3. Annual energy transfer from SE1 to neighboring price areas. 

Transfer Annual energy Annual capacity Capacity used Hours used 
SE1 to FI 10 273 GWh 11 938 GWh 81.1% 8 706 
FI to SE1 0.0019 GWh 9 694 GWh 0.0% 14 
SE1 to NO4 256 GWh 3 653 GWh 7.0% 1 329 
NO4 to SE1 1 617 GWh 4 975 GWh 32.5% 6 137 
SE1 to SE2 5 433 GWh 26 835 GWh 20.2% 5 750 
SE2 to SE1 498 GWh 28 974 GWh 1.7% 1 258 
SE2 to SE3 34 709 GWh 58 538 GWh 59.5% 8 512 
SE3 to SE2 202 GWh 64 116 GWh 0.3% 269 
 

The connection that is most often used is the one between SE1 and FI. The energy transported during 
2012 was 86.1% of the maximum energy that could have been transported under the capacity 
limitations set by the transmission-system operator. This line transported energy from Sweden to 
Finland during 8706 hours, which is 99.1% of the time. Transport from Finland to Sweden took place 
only during 14 hours (0.2% of the time). 

The number of hours used is actually bigger for the transmission corridor between SE2 and SE3, but 
this corridor is less often used at its full capacity. 

The power flows out of SE1 are shown as a function of time in Figure 47. The flow between SE1 and 
NO4 is into SE1 most of the time; whereas the other two flows are out of this price area most of the 
time. During certain hours there is a flow northwards, from SE2 to SE1; this is mainly to wheel power 
from the hydro-power installations in the middle of Sweden (price area SE2) to Finland. 

http://www.nordpoolspot.com/
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Figure 47.  Power flows between price area SE1 and neighbouring price areas FI (red), NO4 (green) and SE2 (blue) during 
2012. A positive value corresponds to a flow out of SE1; a negative value corresponds to a flow into SE1 

Figure 48 looks closer into the flow from SE1 to the south. It shows the flows between SE1 and SE2 
and between SE2 and SE3. The latter is rarely northwards. 

 

Figure 48.  Flows from the north to the south of Sweden during 2012: SE1 to SE2 (blue) and SE2 to SE3 (black); positive 
values are southward flows; negative values are northward flows 

8.2 Production and consumption in SE1 
The hourly production and consumption for price area SE1 is shown in Figure 49. The figure makes it 
immediately clear that SE1 has a surplus of production. During 2012 the total production was 23.2 
TWh and the local consumption was 12.3 TWh. The net export to Finland was 10.3 TWh; the next 
export to SE2 was 4.9 TWh; from NO4 there was a net import of 1.4 TWh. 

The fact that SE1 is an export area, makes that additional production from solar power will put 
additional strain on the transmission system.  
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Figure 49.  Production (green) and consumption (red) in price area SE1 during 2012. 

8.3 Additional transfer capacity out of SE1 
To estimate the additional production capacity in the North of Sweden, we have a look at the 
additional transport capacity that is available out of the price area SE1. For transfer out of the area, 
the additional transport capacity is calculated as the difference between the transfer capacity as set 
by the transmission system operator for flows out of the area and the actual flow out of the area. For 
transfer into the area it is calculated as the sum of the flow into the area and the capacity for flow 
out of the area. 

The results are shown in Figure 50, Figure 51, Figure 52 and Figure 53. The figures also show the 
transfer capacity (in black). For import into the area, the additional transfer capacity is more than the 
transfer capacity; the export the additional transfer capacity is less. 

 

Figure 50.  Transfer from SE1 to FI (red), transfer capacity from SE1 to FI (black) and the additional capacity for export 
from SE1 to FI (blue). 
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Figure 51.  Transfer from SE1 to NO4 (green), transfer capacity from SE1 to NO4 (black) and the additional capacity for 
export from SE1 to NO4 (blue). 

 

 

Figure 52.  Transfer from SE1 to SE2 (green), transfer capacity from SE1 to SE2 (black) and the additional capacity for 
export from SE1 to SE2 (blue). 
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Figure 53.  Transfer from SE2 to SE3 (green), transfer capacity from SE2 to SE3 (black) and the additional capacity for 
export from SE2 to SE3 (blue). 

Although SE1 has a large production surplus, there often remains additional transfer capacity to the 
neighbouring price areas. An overview is given in Table 4: the annual amount of energy that could be 
transferred out of the area additionally under the given hourly transfer capacity values; the number 
of hours per years for which the transfer capacity is already completely used. The latter is especially 
the case for the transfer from SE1 to FI. The last row of the table will be explained below. 

Table 4. Amount of additional energy transfer capacity available 

 Additional annual energy capacity Hours with zero additional capacity 
SE1 to FI 1.7 TWh/year 5827 hours 
SE1 to NO4 5.0 TWh/year 319 hours 
SE1 to SE2 21.9 TWh/year 207 hours 
SE2 to SE3 23.8 TWh/year 372 hours 
SE1 to SE3 18.1 TWh/year 579 hours 

 

The price area SE2 is also an area with a surplus of production, just like SE1. The energy transferred 
from SE1 to SE2 does thus have to be transferred further to SE3, which has a shortage of production. 
What matters is thus not only the additional transfer capacity from SE1 to SE2 but also the one from 
SE2 to SE3. The correlation between the two is shown in Figure 54. Each point in the figure 
corresponds to one hour. For the points above the solid diagonal curve, the capacity between SE1 
and SE2 sets the transfer capacity from SE1 to SE3. For points below the curve, it is the capacity 
between SE2 and SE3 that is limiting. The number of points below and above the curve is similar. It is 
also interesting to note that zero additional capacity between SE2 and SE3 can go together with large 
additional capacity between SE1 and SE2 (points on the horizontal axis). The additional capacity 
between SE1 and SE2 cannot be used for those hours, because the energy cannot be transported 
further to the south. 

It is also interesting to note that there is never a situation where both the additional transfer 
capacities are zero. This can also be interpreted as follows: the transmission grid from SE1 to SE3 is 
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never used to its full capacity. This holds general for power transmission systems, as they are built to 
cope with the worst-case situation including component outages. 

 

Figure 54. Correlation between the additional transfer capacity between SE1 and SE2 and the additional transfer capacity 
between SE2 and SE3. 

The additional transfer capacity as a function of time is shown in Figure 55. The additional transfer 
capacity between SE1 and SE3 is calculated as the minimum of the additional transfer capacities 
between SE1 and SE2 and between SE2 and SE3. This one is zero during 579 hours of the year.  

 

Figure 55.  Additional transfer capacity between SE1 and SE2 (green) between SE2 and SE3 (red) and between SE1 and 
SE3 (blue). The latter is calculated as the minimum of the former two. 

Adding the hourly additional transfer capacities between SE1 and SE3 gives an annual energy transfer 
capacity of 18.1 TWh, versus 21.9 between SE1 and SE2. These values are also shown in Table 4. 
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8.4 Using the additional transfer capacity 
From the calculations shown in the previous section we can conclude that there was, during 2012, 
capacity in the transmission system for transport of an additional 18.1 TWh of electricity from SE1 to 
SE3. We earlier saw that there was also capacity for an additional transport of  1.7 TWh to Finland. 
The capacity for additional transport to Norway is not limited by the transmission system but by the 
surplus of production in the Northern parts of Norway. Here we will assume that the flow between 
NO4 and SE1 will remain as it is, also with increasing production in Northern Sweden. 

There are two reasons why it is not straightforward to use this additional energy transfer capacity, 
beyond from the fact that it is not straightforward to build new production. 

 As was mentioned earlier, reaching the transfer capacity between two price areas will result 
in the price becoming less in the area with surplus production. This is an advantage for the 
consumers in that area, but it will make it less attractive to build new production. 

 The additional transfer capacity is not always available, but varies strongly during the year. 
Hydro-power installations have a natural storage in the form of the reservoir. This enables 
them to adjust their production to the transfer capacity. But wind and solar-power 
installations due not have such a natural storage. Good wind or solar conditions during a 
period with low additional transfer capacity cannot be compensated at a later time. 

The measured solar power production from a 20-kW installation located in Piteå is shown in Figure 
56. This installation is able to rotate over two axes and follows the sun. This explains why the daily 
peaks are rather similar throughout the year. The zero values at the start of the year where due to 
lack of measurement data. During the end of the year the cause was a combination of dark weather 
and technical issues. The total production of the installation was 22.2 MWh, which corresponds to 
1100 hours at full capacity (20 kW). 

 

Figure 56.  Measured production from a 20-kW solar power installation in Piteå during 2012. 

A comparison has been made between the production from the installation in Piteå and the capacity 
of the transmission grid to transfer additional production out of SE1. It has been assumed that there 
is space for additional consumption in SE3 and in FI. 
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The figure shows that the two parameters have a weak correlation. The calculated linear correlation 
is  -0.21. The negative correlation means that there is somewhat less additional transfer capacity 
available when the solar-power production is high than when the solar-power production is low. But 
the impact is small. 

 

Figure 57.  Correlation between the solar production from the installation in Piteå and the space for additional transfer 
capacity out of SE1 to SE3 and FI. 

A study have been done to estimate how much more often the transfer capacity out of SE1 would be 
fully used for large amounts of solar power in SE1. Some results are shown in Figure 58. When there 
is zero installed capacity, i.e. the existing situation, the transfer capacity is fully used during 551 
hours per year. For 200 MW installed capacity this increases to 580 hours per year. This will only 
have a minor impact on the electricity market. For 2000 MW installed capacity, the number doubles 
to about 1000 hours per year and for 4000 MW it triples to 1500 hours per year. This would certainly 
have major impacts on the electricity market. 
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Figure 58.  Number of hours for which the transfer capacity out of SE1 to SE3 and FI is completely used, as a function of 
the installation capacity of solar power in SE1. The plot on the left shows the results for moderate amounts of solar 
power (up to 200 MW), whereas the plot on the right covers up to 4000 MW of installed capacity. 

Here it has been assumed that the total production in the whole price area is proportional to the 
installed capacity and follows the measured production from the Piteå installation. Due to 
differences in weather over the geographical area this is not the case and the production will 
increase less than linear. The number of 580 days should thus be seen as an upper limit. 

A modern PV installation has a capacity of about 200 W/m2, so that 200 MW corresponds to 1 million 
square meter or one square kilometre of solar panels. This is certainly a large installation, but there is 
no lack of space in the north of Sweden. The area of Skellefteå, Piteå and Luleå municipality is 7175, 
3225 and 2128 km2, respectively. 

A roof-top solar panel for a detached house has an installed capacity of about 5 kW, so that 200 MW 
would correspond to about 40 000 houses. This would be a substantial fraction of the houses in 
northern Sweden. 

8.5 Impact on electricity markets 
When the additional transfer capacity is fully used by solar power production, which is the case for 
29 hours with 200 MW installed capacity according to Figure 58, market splitting will occur. The 
electricity price in SE1 will go down and it will go up in the area on the other side of the transmission 
bottleneck. 

But also during 551 hours that there is congestion already without solar power, the presence of solar 
power could push the price down.  There are the dots on the horizontal axis of Figure 57, where it 
can be seen that solar power production can be high during those hours as well. 

The price in SE1 is determined by the large hydropower installations, these will dominate the market. 
Production by solar power will however mean that they will be able to produce less which will have 
an overall reducing effect on the electricity price as well (the reservoir will remain longer full).  
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This also means that negative prices are not likely to occur. The local production in SE1 during 2012 
varied between 766 and 4813 MW. Negative prices might occur when the settlement price is 
determined by the solar power installations. This would require at least 766 MW of solar power 
production, which is not likely to occur in the near future. 

The overall price reduction that is expected to occur in Northern Sweden, with large amounts of solar 
power, will make it less attractive to build new production. At the same time it will become more 
attractive to consume electricity. Electric vehicles are not a solution for Northern Sweden yet 
because of the long distances, but new industrial installation could be attracted to the area. 

8.6 Use of new technology / smart grids 
The main way of getting rid of the additional congestion in the transmission grid is by building more 
transmission line or by using other ways of increasing the transmission capacity. For increasing the 
transfer capacity to Finland some power-electronic based solutions could be possible as well, 
because stability issues, including inter-area oscillations set the main limit here. 

The use of pumped storage together with the existing reservoirs could shift some of the surplus solar 
production from hours with congestion to hours without congestion. 
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9 Conclusions 
Large installations of PV on the low voltage grid pose new challenges for the power grid in 
Scandinavia. The risk of overvoltage is one of the most obvious challenges. Measurements and 
calculations based on measurements show that this could possibly be a limiting factor for 
installations of PV in the low voltage grid. Voltage magnitudes that exceed the limits set by the 
standards are fairly easy to avoid with an inverter that disconnect when the voltage magnitude reach 
a pre-set value. This could however possible limit the yield from a plant and thereby making the 
depreciation time to long for PV to be a good investment.  

Measurements show that the harmonic emission from a PV-installation is low in most cases, 
although there are however always the risk of resonances forming. The emission is zero or close to 
zero during periods of zero production, most likely because the inverter is switched off. A conclusion 
from the measurements is that the emission spectrum up to 2 kHz is different for the different 
installations. Multiple installations, from different manufacturers, connected to the same grid will 
thus likely have less impact than a single large installation. 

Different installations and different frequencies for the same installation show different relations 
between emission and active-power production. Some harmonics are strongly correlated with the 
produced power, whereas others appear to be independent of the produced power. No explanation 
for this is available. 

For the installation in Finland a strong correlation was found between the harmonic voltage and 
current. This points to the PV installation being the main cause of the harmonic voltage; although 
other explanations are possible as well. For the other three installations, there are only weak 
correlations and the voltage distortion is due to other sources. 

The emission from the installations is below the most strict limits set by IEC 61000-2-12, with the 
exception of the 11th harmonic for the installation in Skellefteå. 

Emission has been observed both in the range below 2 kHz and for a few kHz. All three installations 
show a peak in emission around a few kHz; one around 3 kHz; the other three around 4 kHz. This is 
likely due to the switching of the inverter taking place at this frequency. For large numbers of 
inverters, the level of voltage distortion at this frequency requires further study. Aggregation effects 
and the spread of emission in this frequency range need to be urgently studied in detail. 

There are concerns that the peak production (midday) and peak consumption (mornings and 
evenings) happens at different times for home owners. One solution might be to install the panels 
facing east and west instead of south. The net production would be lower but the production would 
happen at instances when the home owners are more likely to use the energy and from a system 
perspective this might be a better solution. The production and consumption would take place close 
to each other and the system losses would be lower. To better match times with high production to 
times with high consumption will also reduce the risk of overloading.  

The hosting capacity approach has been further developed in this report, including waveform 
distortion, thermal overloading, supply voltage variations, electricity price and frequency control. 
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It is shown that curtailment can be an effective method for avoiding grid overload due to solar 
power. Both soft and hard curtailment can be used for this, but hard curtailment will result in large 
loss of energy production when the installed capacity increases. Above a certain amount of installed 
capacity, the energy production will even reduce when hard curtailment is used. With soft 
curtailment there is no such effect and the energy production will continue to increase with installed 
capacity. However the economic return on investment will become less with increasing installed 
capacity. 

An increase in voltage with production is observed for three of the four installations, but for none of 
the installations is this a concern. It is shown that it could become a concern for relatively small 
installations connected to weak parts of the grid. 

Large amounts of solar power connected in the North of Sweden could result in more regular 
congestion of the connections to southern Sweden. It is shown that no significant impact on the 
electricity market can be expected for installed capacity up to at least 100 MW, which would 
correspond to about 20 000 houses equipped with roof-top solar power. 
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