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Abstract

An Estimation Method for PV Hosting Capacity of
Distribution Grids

Kassem Ezzeddine

The Swedish Energy Agency has a target to increase solar photovoltaic 
(PV) power production by up to 5-10% of the total electricity demand 
by the year 2040. The PV potential for the residential market is high 
and its contribution to the total installed PV capacity is expected 
to increase significantly. The technical requirements should be met 
to keep high reliability and good power quality at the customers, 
therefore, it is important for planning reasons to proactively find 
the maximum amount PV power that can be connected at each low-voltage 
network without violating the performance of the grid. This amount is 
known as the hosting capacity.
A method for PV hosting capacity estimation by taking overvoltage and 
transformer overload as performance indices was developed in this 
thesis. The method does not require any knowledge about the topology 
of the network. The overload hosting capacity can be estimated for 
any combination of customers having PV power and for the overvoltage 
hosting, the minimum at each penetration level can be estimated. The 
method was implemented on four low-voltage networks located in a 
typical Vattenfall medium-voltage network and the comparison of the 
estimation results to a power flow simulation showed good 
correspondence. It was shown how the impact of PV power in adjacent 
secondary substations can be accounted for. Using SS-EN50160 voltage 
limits, the studied networks were able to handle 3-7 times the PV 
penetration level needed (8 kWp at 20% of the customers) to achieve 
the national goal in Sweden without grid investments.
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Populärvetenskaplig sammanfattning 

För Sverige har ett mål satts upp, att nå 100 % förnybar elproduktion år 2040. För att uppfylla 

målet ska 5-10 % av Sveriges elanvändning komma från solel, vilket innebär att den totala 

installerade solcellskapaciteten förväntas att öka rejält de kommande åren för att uppnå det 

nationella målet. Hög andel solel i elkraftsystemet kan skapa problem som exempelvis 

överspänningar eller överbelastade elektriska apparater och ledningar.  

I Sverige måste varje kund som önskar att ansluta en solcellsanläggning till elnätet få ett 

installationsmedgivande av elnätsägaren innan inkopplingen. Idag görs en individuell 

bedömning för varje önskad nyanslutning för att säkerställa att tillförlitligheten och elkvalitén 

för kunderna inte äventyras. Detta innebär att en enkel och snabb metod som kan användas för 

att proaktivt uppskatta den maximala mängden solceller som kan installeras i ett 

lågspänningsnät skulle underlätta arbetet för elnätsbolagen med mikroproduktionsärenden, 

vilket i sin tur ger dem mer tid att kunna fokusera på att analysera större solcellsinstallationer 

som har större påverkan på elnätet. 

I detta arbete har en metod för uppskattningen av solcellers acceptansgräns utvecklats. Med 

solcellers acceptansgräns menas den maximala mängden solceller som kan installeras i ett 

elektriskt nät utan att äventyra elkvalitén för kunderna i nätet. Metoden tar hänsyn till 

överspänning och transformatorns överbelastning och uppskattar den maximala mängden 

solceller som ett lågspänningsnät klarar av utan att behöva nätförstärkning, oavsett vilka kunder 

som installerar solceller. Fördelarna med metoden är att den är enkel att tillämpa eftersom ingen 

kännedom om nätets topologi krävs och att den är snabb, då den inte kräver tunga beräkningar. 

Metoden har tillämpats på fyra lågspänningsnät och jämförelsen av estimeringsresultaten med 

fullständiga lastflödesberäkningar visade sig stämma bra överens. Det är dock nödvändigt att 

tillämpa metoden på fler lågspänningsnät för att säkerställa att den alltid ger en acceptabel 

planeringsrisk. 
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1 Introduction 
More and more households are installing solar photovoltaic (PV) systems on their homes in 

Sweden. Almost 10200 grid-connected PV installations were installed in 2018. The total 

number of installations became 25500, which is an increase of around 67% compared to 2017 

[1]. The total installed PV power increased to 425.73 MWp in 2018, which is 59% higher than 

year 2017. Figure 1 shows the total installed PV capacity over the last years [2]. The 

introduction of subsidies for PV systems in 2006 initiated this strong increase of the total 

installed PV capacity in Sweden and is currently 20% of total investment costs. On top of this, 

micro-producers1 profits today from a 0.6 SEK/kWh tax subsidy for feed-in to grid as well as 

smaller income from green certificates, certificates of origin, and from the Distribution System 

Operator (DSO) for the contribution to reduced grid losses [3] [4] [5]. In Sweden, DSOs are 

obliged to connect all production units to the grid and are also responsible for any measures 

that may be taken to avoid power quality problems [6]. 

 

Figure 1: The total installed PV capacity over last years. Reprinted by permission from [2]. 

The contribution of solar PV power to Sweden’s electricity production is still relatively low, 

around 0.4% in 2018 [7]. The Swedish Energy Agency has a target to increase PV power 

production by up to 5-10% of the total electricity demand by the year 2040, which corresponds 

to around 7-14 TWh [8]. Realizing this goal will have a large impact on the electricity network, 

especially at the medium- and low-voltage networks. Already today’s number of network 

connections is an administrative challenge for Vattenfall Eldistribution. As this number of 

connections is expected to double, in order to reach national targets, it is important to have a 

clear process and calculations made to quickly be able to assess the amount of PV that can be 

added at a given customer location without violating the performance of the grid. This amount 

is referred to as the hosting capacity and is defined as the amount of new production that can 

be added without jeopardizing the power quality for the existing customers in the network [9] 

[10]. 

Figure 2 shows the contribution of different market segments to the annual installed PV capacity 

in Sweden in 2018 [2] and Figure 3 shows the PV potential for different building types in 

 
1According to the Swedish tax regulations, micro-producers are those who have a fuse rating of maximum 
100A, buy more electricity than selling, and the maximum energy fed to the grid should not exceed 30 
MWh/year. 
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Sweden [11]. It is clearly seen that residential single-family houses and commercial facilities 

are the dominating markets and that the potential is highest for small houses (brown curve) and 

complementary buildings (gray curve), which is directly related to the available roof areas. This 

means that it is possible to achieve the national goal in Sweden year 2040 if the technical 

requirements are met. Being able to proactively find bottlenecks and initiate network 

investments is an important tool to achieve the national goal in Sweden without endangering 

the power quality for the customers. 

 

Figure 2: The contribution of different market segments to the annual installed PV capacity in Sweden in 2018. Reprinted by 
permission from [2]. 

 

Figure 3: PV potential for different building types. Different discount rate is used for different building types where 3% is 
used for small houses (brown) and complementary buildings (gray). Reprinted by permission from [11]. 

Figure 4 shows the distribution of PV sizes installed in the networks operated by Vattenfall 

(one of the largest DSOs in Sweden). While nearly half of the installations are below 10 kWp 
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the inlay to the right shows that these smaller PV only constitute a fifth of the total installed 

capacity. Thus, a DSO with an easily applicable method to estimate the impact of the bulk of 

PV installations can free valuable time to determine the more significant grid impact of the 

fewer, larger, installations. 

 

 

Figure 4: Distribution of PV sizes installed in Vattenfall's Network 2019. 

1.1 Objectives 
The objectives of this study are the following: 

• Develop a method to estimate the hosting capacity for solar PV in a low-voltage 

network. The method shall assist network planners in decisions regarding PV 

installation requests in areas with high PV penetration, i.e., when many other near-by 

customers simultaneously contribute to voltage rise and power feed-in. 

• The method shall use only readily available data in the Network Information System 

(NIS).  

• Determine the impact on the secondary substations’ hosting capacity from voltage rise 

caused by PV at the adjacent secondary substations in the medium-voltage network.  

• Verify the method by comparison with DSO’s network planning tool and using an 

external power flow simulation software. 

• Determine the extent of grid investment required for PV penetration corresponding to 

national target of 5-10 % of Swedish electricity generated from solar PV. 

1.2 Delimitations 
The delimitations of this study are the following: 

• Only three-phase PV connections are considered in this study since single-phase 

connections are not installed for rated power above 3,5-4 kWp, which is a negligible 

fraction of the total installations in Sweden.   

• Performance indices used for determining the hosting capacity are overvoltage and 

transformer overload.  

• The hosting capacity is determined for the worst-case scenario corresponding to low-

load and maximum PV power production. The load data used are Vattenfall 

Eldistribution’s approximated peak loads based on the annual consumption, not actual 

measured loads.  
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• Evenly distributed micro production is applied in the network. In other words, all micro 

producers have the same amount of PV power production. 
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2 Theory and background  
The theory and background that are considered to be helpful for understanding this study are 

described in this chapter. In section 2.1 the Swedish grid is presented, in section 2.2 the reason 

behind voltage variations is explained, in section 2.3 the term network strength is introduced as 

well as how the voltage variations can be approximated, in section 2.4 calculations of power 

losses are presented, in section 2.5 the hosting capacity term is explained, in section 2.6 load 

aggregation and simultaneity factor are introduced, and in section 2.7 results from similar 

studies are highlighted. 

2.1 The Swedish grid  
The main task of the electrical grid is to transmit electrical energy from production units to the 

end users. In Sweden, the production is mainly located in the north and transmitted over long 

distances to the center and south where most of the population lives. Transmission losses are 

minimized by dividing the electrical grid into different voltage levels where higher voltage is 

used for longer transmissions and lower voltage is used closer to the end users. The reason for 

this is that the power is dependent on current and voltage. To maintain same power, increased 

voltage will mean a reduced current and vice versa. Since the current is the part that causes 

losses, the losses will be relatively lower in the high voltage part of the power system [12]. 

The Swedish network is divided into the transmission network, regional networks and local 

distribution networks. The local distribution network consists of the medium-voltage network 

and the low-voltage network. The transmission network is the high voltage part and the voltage 

is then between 220 and 400 kV. The transmission network can be seen as the electrical 

network's "highways" where the main task is to take the electricity from the centralized 

generation units and transmit it over long distances. The transmission network is state-owned 

and managed by Svenska kraftnät, which is state-owned as well [12].  

After the transmission network, voltage is transformed down into the regional network, which 

supplies cities and regions with electricity. The voltage is then between 40 and 130 kV and the 

network consists mainly of overhead lines except in cities where cables are mostly used [12]. 

The regional network is mainly owned by E-on, Vattenfall and Ellevio.  

In the medium-voltage network the voltage is between 10 and 20 kV. Here underground cables 

are mainly used to transfer the electricity from the primary substation to the secondary 

substations. The last part of the network is the so-called low-voltage network. The main task of 

this network is to connect the secondary substation with the end users by transforming the 

electricity down to 400 V/230 V. The low-voltage grid and the medium-voltage grid are owned 

by approximately 160 companies that have the exclusive right to distribute electricity within 

their concession area [12].  

The total length of the Swedish electrical grid is around 555 000 km, which is about 14 turns 

around the earth, where 360 000 km are underground cables and 195 000 km are overhead lines 

[12]. 

2.2 Voltage variations  
In the distribution lines with lower voltage levels, the current is increased in order to transmit 

the same amount of power. Increased current means increased power losses which in turn leads 

to relatively higher voltage drop along the line [13]. In a traditional low-voltage network with 
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only consumers, the voltage will be lower at the end customers compared to the secondary 

substation.  

The voltage change is mainly dependent on the conductor impedance and the current. The 

impedance can be reduced by having a conductor with larger cross-sectional area or by using 

copper instead of aluminum but this will lead to higher investment cost which is also an 

important factor when designing a network [12]. 

Voltage variation can be a problem in low-voltage networks if it causes the voltage to be outside 

the accepted limit. The problem becomes more evident in weak networks where the conductors 

have high impedance, and when the electricity is transmitted over long distances [12]. The 

voltage drop problem is traditionally solved by having a slightly higher voltage at the 

transformer and thus keeping the voltage at the end customers within the acceptable limit [13].  

The Swedish distribution grid is designed to handle the high amount of power needed for 

heating purposes in the winter which means that it is relatively robust and keeps the voltages 

within the accepted limits at the end users. By having micro production, the consumer can also 

be a producer, a so-called prosumer. When the production is higher than the self-consumption, 

the power/current will in this case be flowing in the opposite direction compared to the 

traditional case which may cause the voltage to rise and exceed the acceptable limit at the 

prosumer [14]. Transformers also cause a voltage drop due to power losses in the windings. As 

with power lines, the voltage will increase or decrease depending on the current direction. Thus, 

the voltage at the secondary substation will be lower than the nominal voltage during high 

consumption and low production periods and higher than the nominal voltage during high 

production and low consumption periods [12]. 

2.3 Network strength and voltage variation approximation 
The network strength describes the network's ability to withstand voltage fluctuations when 

connecting or disconnecting a load or a production source. Weak networks are easily affected 

by power disturbances. Therefore, it is important to have a sufficiently strong grid to achieve a 

good power quality. In a low-voltage network, the strength depends on the size of the 

transformers, cross-sectional area of the conductors, and the corresponding factors in overlying 

networks. 

When connecting a production source, it must be checked that the grid has the required grid 

strength to ensure that the power quality for the customers will stay within the acceptable limits 

during periods with maximum production. The maximum voltage variation that a production 

(or load) source can cause on the grid can be estimated using the following simplified method 

[15]: 

∆𝑈 ≅
𝑅𝑃+𝑋𝑄

𝑈1
,        (2.1) 

where ∆U is the voltage difference before and after the connection, U1 is in this case the voltage 

before the voltage change and it is equal to the nominal voltage since the calculation is 

performed without the influence of other production and consumption sources. R and X are the 

resistance and reactance, which corresponds to the network impedance, P and Q are the 

produced active and reactive power. A weak network has a high impedance and low short-

circuit power while a strong network has a low impedance and high short-circuit power [16]. 
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For three-phase installations, the short-circuit impedance is used in equation 2.1, and for single-

phase installations, the earth-loop impedance is used [15]. 

If the power flow is dominated by production near power factor 1 (only active power is 

produced), the voltage rise will depend on the first term in equation 2.1. An approximation of 

the voltage rise can then be obtained as [9]: 

∆𝑈 ≅
𝑅𝑃

𝑈1
.  (2.2) 

Equations 2.1 and 2.2 are simplified equations that gives an approximation of the voltage rise 

caused by production (or voltage drop caused by load), the complete equation to get the actual 

voltage rise/drop is derived in appendix A. 

Figure 5 shows the impedance of about 50 000 customers belonging to a Swedish DSO [17]. 

The impedances vary significantly at the customers which means that the voltage variation and 

thereby the hosting capacity will also vary significantly depending on which 

customer/customers that have PV power production. 

 

Figure 5: The short-circuit impedance (left) and the earth-loop impedance (right) for around 50 000 customers with fuse 
ratings between 16 A and 35 A. Reprinted by permission from [17]. 

2.4 Power losses 
The resistance R and reactance X in conductors cause active and reactive power losses that can 

be found as follows [18]: 

𝑃𝑙 = 3𝑅𝐼2,        (2.3) 

𝑄𝑙 = 3𝑋𝐼2,        (2.4) 

where Pl and Ql are the three-phase active and reactive power losses respectively, R and X are 

the resistance and reactance per phase, and I is the current flowing through the conductor.  

The current I can be found as: 

𝐼 =
𝑆

√3 𝑈
→ 𝐼2 =

𝑃2 +𝑄2

3𝑈2
,        (2.5) 
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where P and Q are the active and reactive power respectively and U is the voltage. S is the 

apparent power and is defined as: 

𝑆 = √𝑃2 + 𝑄2.        (2.6) 

By substituting the current in equations 2.4 and 2.5, the three-phase active and reactive power 

loss equations can then be found as: 

𝑃𝑙 = 𝑅 (
𝑃

𝑈
)

2

+ 𝑅 (
𝑄

𝑈
)

2

, (2.7) 

𝑄𝑙 = 𝑋 (
𝑃

𝑈
)

2

+ 𝑋 (
𝑄

𝑈
)

2

. (2.8)  

2.5 Hosting capacity  
A small amount of distributed generation will have a negligible impact on the electrical grid, 

but after a certain amount, the operational constraints will be violated. This amount is called 

the hosting capacity and is dependent on the local conditions in the network and the 

disturbances that occur. The term hosting capacity is thus used to indicate the maximum amount 

of distributed generation that an existing grid can host without endangering reliability and 

power quality for the customers [9] [10]. 

The hosting capacity is defined in [19] as “the maximum distributed generation penetration for 

which the distribution network still operates according to design criteria and network planning 

practices based on the European standard EN50160”. The power quality indicators used as 

performance indices for determining the hosting capacity are such as overvoltage, overload, 

and harmonics [6]. Limits are set for the indicators and the hosting capacity is then found when 

one of the indicators reaches its limits. 

Figure 6 shows an illustration of the hosting capacity [20]. 

 

Figure 6: Illustration of the hosting capacity. 

The hosting capacity is mainly affected by the following factors [21]: 

• The size and location of the distributed generation. 

• The type of distributed generation. 
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• The design/topology and operation of the distribution system. 

2.6 Load aggregation and simultaneity factor 
Load aggregation means the maximum consumption for a group of customers and is usually 

less than the sum of the individual highest consumption for each customer. An example in [22] 

shows that the maximum actual consumption for a secondary substation is 36 kWh/h but if the 

individual maximum consumption for each customer is added instead, the result becomes 51.8 

kWh/h, which is a difference of 43%. This shows the importance of considering load 

aggregation while dimensioning the electrical grid. 

2.6.1 Velander’s equation  

Velander’s method is the commonly used method by Sweden’s DSOs to estimate a customer’s 

maximum consumption and the maximum actual consumption (load aggregation) for a group 

of customers. The method was developed by professor Sten Velander at KTH in 1952. It gives 

a practical way to estimate the peak load over the year for different consumption profiles. The 

maximum consumption a customer can have is calculated by the following equation [22]: 

𝑃 = 𝑘1𝑊 + 𝑘2√𝑊,       (2.9) 

where P is the expected maximum consumption [kW], W is the annual energy consumption 

[kWh], and k1 and k2 are Velander constants which depend on the type of customer. The method 

is used to estimate the maximum consumption based on the customer's annual consumption. 

Velander's equation assumes that the loads are normally distributed and independent of each 

other [22]. 

The maximum consumption for a group of customers with equal Velander constants can be 

estimated using [22]: 

𝑃𝑚𝑎𝑥 = 𝑘1 ∑ 𝑊𝑖
𝑁
𝑖=1 + 𝑘2√∑ 𝑊𝑖

𝑁
𝑖=1 ,       (2.10) 

where Pmax is the expected maximum consumption for the group of customers in kW, Wi is the 

annual energy consumption in kWh, and N is the total number of customers. 

If the group of customers have different Velander constants, then the following equation is used 

[22]: 

𝑃𝑚𝑎𝑥 =  ∑ 𝑘1𝑖𝑊𝑖
𝑁
𝑖=1 +  √∑ 𝑘2𝑖

2 𝑊𝑖
𝑁
𝑖=1 ,       (2.11) 

where k1i and k2i are Velander constants for customer i. 

2.6.2 Simultaneity factor 

The simultaneity factor is an estimated factor that can be used to avoid over dimensioning an 

electrical grid by considering that not all customers have their maximum consumption at the 

same time. Figure 7 shows an example of how the simultaneity factor can be found for a 

secondary substation. This is found for four substations where each substation has 1, 3, 10, and 

100 end users. The annual energy consumption for each end user is 10 000 kWh and Velander 

constants are 0.0002 and 0.07 for k1 and k2 respectively. The expected maximum load, by using 

Velander’s method, can be found for each customer by using equation 2.10 and for each 

substation by using equation 2.11. The simultaneity factor for each substation is then found as: 
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𝑆𝐹 =
𝑃𝑠,𝑚𝑎𝑥

∑ 𝑃𝑖,𝑚𝑎𝑥
𝑁
𝑖

 ,        (2.12) 

where N is the number of customers, Ps,max is the expected peak load for the substation, and 

Pi,max is the expected peak load for customer i. 

 

Figure 7: Simultaneity factor of four secondary substations. 

It is clearly seen, especially for the substation with 100 customers, that load aggregation is 

important to avoid over-dimensioning the network. 

2.7 Previous work 
Many studies have been done in the last years about determining the hosting capacity of a 

distribution grid as well as the consequences of high PV penetration in the grid. Some of the 

larger studies as well as samples of the Swedish studies will be shortly presented here. 

Electric Power Research Institute (EPRI) has developed a Streamlined Method for Determining 

Distribution System Hosting Capacity (2016) [23] of a distribution feeder. The method was 

developed based on a database, comprising detailed analysis of around 6 million unique 

scenarios for 35 distribution feeders. Performance indices used in this method are overvoltage, 

overload, and protection issues. The trends observed from the detailed analysis were the 

inspiration to the method in this thesis. From the detailed analysis it was observed that the 

hosting capacity is not only dependent on the penetration level but also on the location of the 

PV units. For each PV deployment, an average resistance was determined as follows: 

𝑅𝑎𝑣𝑔 =
∑ 𝑅𝑛∙𝑃𝑛

𝑁
𝑛=1

∑ 𝑃𝑛
𝑁
𝑛=1

, (2.13) 

where Rn is the short-circuit resistance at the connection point of the nth PV unit, Pn is the active 

power size of the nth PV unit, and N is the total number of PV installations. It was observed that 

the behavior of Ravg converges to the load center for high PV penetration levels. For overvoltage 

issues, it was noticed that it is highly dependent on the resistance of the grid and voltage-based 

characteristics such as voltage level, loading, and voltage regulation. It was also observed that 

the location of the violation is dependent on the feeder characteristics. This method is being 

implemented in EPRI’s analysis tools and has the advantage of being much faster than doing 
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detailed analysis, i.e., it can be used as a planning tool by the DSO's to approve or deny requests 

for PV installations and also to determine which requests need further review. However, the 

method still uses the actual grid topology while the method in this thesis uses the short-circuit 

impedance of the customers from a network information system in order to find an assumed 

topology. 

Fraunhofer has in DER Integration Study for the German State of Hesse - Methodology and 

Results for the Medium- and Low-Voltage Level (2018) [24] determined the expected cost of 

grid reinforcement needed for different future scenarios of  grid integration in Germany. Around 

700 distribution grids were studied with pandapower (which was also used in this thesis) and 

the result showed a huge variation in their hosting capacity as well as in the expected grid 

reinforcement and investment cost. It was found that small scale PV power is the main reason 

for grid strengthening in the low-voltage grid whereas large scale PV power and wind farm are 

the reason in the medium-voltage grid. It was concluded that the investment cost will be around 

one billion Euro until 2034 and that conventional measures can be taken to decrease the cost by 

11%. According to [25], 80% of the total investment cost are expected to be investments in grid 

restructuring and modernization and only 20% are expected to be caused by the grid integration 

of renewable energy sources. 

Emil Hagström and Alberto Martínez have in previous Vattenfall studies, Grid Planning with 

A Large Amount of Small Scale Solar Power (2013) [26] and  Grid Planning with A Large 

Amount of Small Scale Solar and Wind Power (2013) [27], proposed a guideline that can be 

used by network planners to decide if a grid with distributed generation is able to host a new 

distributed generation unit by taking overvoltage as a performance index. The guideline takes 

into account the interaction between the distributed generation units by assuming that the 

voltage rise at a specific customer caused by power generation at another customer is equal to 

the voltage rise that the power generation causes at the point of common coupling (PCC) 

between these customers, which was useful for this thesis. 

In Hosting Capacity for Solar Cells in Low Voltage Networks [12] by Oscar Willén (2015), the 

PV hosting capacity for three low-voltage networks belonging to Falu Elnät was determined by 

taking the voltage and current as performance indices. Simulations were done in the software 

dpPower for two scenarios: high load with no PV power production and low load with 

maximum PV power production. The limiting factor in the three cases was the overvoltage. 

Different methods to increase the hosting capacity were evaluated and the result showed that 

line reinforcement was the most effective one for this study. 

In Determining and Increasing the Hosting Capacity for Photovoltaics in Swedish Distribution 

Grids [6] by Walla et al. (2012), three different grids belonging to Fortum were modeled using 

Newton-Raphson based power simulations implemented in Matlab [28]. The hosting capacity 

was found for each grid by taking overvoltage and overload as performance indices. The studied 

grids were rural, suburban, and urban. By having overvoltage as limitation, the rural and 

suburban grids could host 60% of the annual consumption and the urban grid could host 325%. 

By having overload as limitation, the rural grid could host 70% and the hosting capacity was 

20-30% for the suburban and urban grids. It was concluded that the Swedish grids can host a 

large amount of PV power generation as they are designed for high loads. Different methods to 

increase the PV hosting capacity were evaluated and compared where reactive power control 

and curtailment were found to be the most effective ones for dealing with voltage rise.  
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3 The studied grid  
Figure 8 shows the studied medium-voltage grid which has been chosen to be a typical 

Vattenfall’s network located in Sweden. The primary substation has 7 feeders but only feeder 

1 was considered in this study. The rated power of the primary substation is 25 MVA and its 

voltage ratings are 48/11.5 kV. There are 57 secondary substations with around 500 customers 

fed from feeder 1. The maximum load connected to feeder 1 by considering load aggregation, 

is around 3.3 MW and 0.6 MVAr. The low-voltage networks (secondary substations) that have 

been chosen for hosting capacity calculations are marked with red circles. Two low-voltage 

networks close to the primary substation and two far from it were chosen, in order to illustrate 

the influence of the location in the medium-voltage grid on the low-voltage networks’ hosting 

capacity. Also shown in the figure is NETBAS (see section 3.1) calculated voltage with winter 

high load and summer low load estimate with 8 kWp PV power at 20% of the end customers 

(red). 

 

Figure 8: The studied medium-voltage grid. 
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Figure 9 shows the single-line diagram of the four studied networks. The customers are 

numbered according to the short-circuit impedance where customer 1 has the highest (weakest 

grid). The rated power of each transformer and its voltage ratings are also shown in the figure 

as well as the rated power of each cable in kW. The tap position of the transformer in network 

1 is on -5% referred to the primary side, which means that the number of turns of the primary 

winding is seen as 10450 instead of 11000. The tap position is on 0% for the other transformers. 

 

Figure 9: The single-line diagrams of the four studied networks. 

The expected peak load and the interval of the short-circuit impedance for each customer in the 

studied networks are shown in Table 1. The short-circuit impedances are not explicitly 

presented due to confidentiality but real values were used in the simulation.  
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Table 1: Customers’ data, including active (P) and reactive (Q) peak load and the short-circuit impedance (Zsc). P, Q are the 
expected peak load found by Velander’s method, low load is assumed to be 20% of these values. 

Network Customer P [kW] Q [kVAr] Zsc [mΩ] 

 
 
 

1 

1 8.6 2.2 150-300 

2 11.0 2.8 150-300 

3 11.4 2.9 150-300 

4 12.6 3.2 0-150 

5 2.3 0.6 0-150 

6 10.8 2.7 0-150 

7 16.3 4.1 0-150 

 
 
 
 

2 

1 12.4 3.1 300-500 

2 13.1 3.3 150-300 

3 13.3 3.3 150-300 

4 11.1 2.8 150-300 

5 2.1 0.5 150-300 

6 13.9 3.5 150-300 

7 20.4 5.1 150-300 

8 1.5 0.4 0-150 

9 7.7 1.9 0-150 

 
 
 
 

3 

1 4.6 1.2 >800 

2 4.1 1.0 150-300 

3 0.7 0.2 150-300 

4 3.5 0.9 150-300 

5 5.4 1.4 150-300 

6 5.6 1.4 150-300 

7 11.3 2.8 150-300 

8 12.7 3.2 150-300 

9 7.2 1.8 150-300 

10 8.6 2.1 0-150 

 
 
 
 
 

4 

1 7.1 1.8 300-500 

2 16.2 4.1 150-300 

3 3.2 0.8 150-300 

4 7.1 1.8 150-300 

5 2.8 0.7 150-300 

6 4.1 1.0 150-300 

7 2.1 0.5 150-300 

8 9.5 2.4 150-300 

9 9.2 2.3 150-300 

10 11.1 2.8 150-300 

11 11.4 2.9 0-150 

12 6.8 1.7 0-150 
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3.1 NETBAS 
NETBAS is a graphical Network Information System (NIS) and a geographical information 

system (GIS) used at Vattenfall Eldistribution for network documentation, planning, and 

electrical calculations. NETBAS consists of several different modules/toolboxes. Each module 

has its own specialty and interface in terms of handling and processing the information 

contained in the NETBAS database. The same data can thus be presented in different ways. The 

analysis module is the module used in this project and consists of a geographical and a 

schematic part (map and single-line diagram). The network can be modified in the analysis 

module without affecting the stored information. Network calculations and analytical tasks such 

as load flow analysis and short-circuit calculations are performed in this module.  

NETBAS uses an aggregated peak load estimated by Velander’s method for calculations at 

each secondary substation. It solves power flow calculations independently at each secondary 

substation and adds the aggregated peak load to the medium-voltage network. 
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4 Methodology  
The method used for calculating the hosting capacity is introduced in this chapter. The 

calculations of the voltage drop caused by load and the voltage rise caused by PV power 

production are presented as well as the assumptions considered. These are needed to calculate 

the overvoltage hosting capacity. One method for estimating the overvoltage hosting capacity 

and one for estimating the transformer overload hosting capacity are introduced. 

General assumptions made in this study: 

- The capacitive current in the lines is neglected (i.e., line capacitances are neglected). 

- No reactive power is produced or consumed by the solar PV units. 

4.1 Voltage drop caused by load  
A general expression for the total voltage drop at customer i is expressed as follows: 

∆𝑈𝑖,𝑑𝑟𝑜𝑝 =  ∑ ∆𝑈𝑖,𝑛
𝑘
𝑛=1 ,       (4.1) 

Where ∆Ui,drop is the total voltage drop at customer i and ∆Ui,n is the voltage drop at customer i 

caused by load at customer n, and k is the total number of customers in the network. 

By using the simplified voltage drop equation (equation 2.1) in equation 4.1, the following 

voltage drop equation is obtained: 

∆𝑈𝑖,𝑑𝑟𝑜𝑝 =  ∑
𝑅𝑖,𝑛𝑃𝑛

𝑈𝑠
+

𝑋𝑖,𝑛𝑄𝑛

𝑈𝑠

𝑘
𝑛=1 ,       (4.2) 

where Ri,n and Xi,n are the resistance and the reactance up to the PCC (or of the common path) 

between customer i and customer n. Pn and Qn are the active and reactive power consumed by 

the load at customer n. 

The total voltage drop at customer i is thus the voltage drop caused by his load over impedance 

up to his connection point plus the voltage drop caused by load at other customers over 

impedance up to the point of common coupling (PCC). A more detailed explanation about the 

voltage drop equation used and the assumptions behind it is shown in appendix B. 

4.2 Voltage rise caused by PV power production 
The voltage rise caused by PV power production is calculated by assuming no load in the 

network. The voltage drop caused by load, equation 4.2, will be considered later while finding 

the hosting capacity. 

A general expression for the total voltage rise at customer i is expressed as follows: 

∆𝑈𝑖,𝑟𝑖𝑠𝑒 =  ∑ ∆𝑈𝑖,𝑛
𝑁
𝑛=1 ,       (4.3) 

where ∆Ui,rise is the total voltage rise at customer i and ∆Ui,n is the voltage rise at customer i 

caused by PV power production at customer n. N is the total number of customers having PV 

in the network. 

By using equation 2.2 in the equation above, the general expression for the voltage rise at 

customer i can then be written as: 

∆𝑈𝑖,𝑟𝑖𝑠𝑒 =  ∑
𝑅𝑖,𝑛(

𝑃𝑠
𝑁

)

𝑈𝑠

𝑁
𝑛=1 ,      (4.4) 
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where Ri,n is the resistance up to the PCC (or of the common path) between customer i and 

customer n, Us is the slack bus voltage. Ps is the total active power delivered to the slack bus 

and Ps/N is the average active power delivered from each customer to the slack bus. A more 

detailed explanation about the voltage rise equation used and the assumptions behind it is shown 

in appendix C. 

4.3 Overvoltage hosting capacity  
A method for overvoltage hosting capacity estimation was developed in this thesis. The method 

was applied using the actual grid topology as well as using an assumed grid topology that gives 

an acceptable planning risk. Applying the method using the actual grid topology gives the 

overvoltage hosting capacity for any combination of customers having PV at any penetration 

level and applying the method using an assumed grid topology gives the minimum for each 

penetration level. The penetration level is defined in this thesis as the percentage of customers 

having PV in the network. 

Applying the method using the actual grid topology requires in practice a complete export of 

the network model and therefore does not fulfill the second objective in this study which states 

that the method shall use only readily available data in NIS. However, this is presented as it 

shows the spread of the hosting capacity for all combinations of customers having PV power. 

The process used in both applications is the following: 

1. Assume that the small-scale PV penetration level will be 20% year 2040 and that each 

customer has 8 kWp. This size of residential PV is the most common today and the 

penetration level is based on the approximations shown in appendix D. 

2. Assume that the low load is 20% of the maximum load. This is practically used at the 

network analysis division at Vattenfall Eldistribution and has been verified as 

reasonable with average hourly consumption data for houses with 16-25A fuse rating.  

3. Get the primary voltage at each substation from NETBAS after doing a simulation of 

the medium-voltage (MV) grid (Figure 8) during low load and maximum PV power 

production based on steps 1 and 2 and the target operation voltage of the primary 

substation. Note that each PV customer had 8 kWp only when doing the simulation on 

the MV grid and that the hosting capacity at each low-voltage (LV) network was found 

when the limit was exceeded independently of this value (i.e., 8 kWp). 

4. Export the following data for each LV network from NETBAS: 

a. The impedance of the transformer. 

b. The short-circuit impedance at each customer, which is the total series 

impedance from the slack bus to the customer’s connection point. 

c. The expected peak load at each customer. 

5. If the short-circuit impedance of a customer is higher than the maximum allowable, 

replace it with an acceptable value because such a customer does not fulfill the latest 

grid connection requirements and will require “last mile” grid strengthening of the 

service cable. 

6. This step differs depending on the topology used: 

a. The actual topology: Find the impedances of the common paths between each 

pair of customers in the network.  

b. The assumed topology: “Redesign” the network by using the short-circuit 

impedances at the customers to find an assumed common path between the 
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customers. The load at each customer is assumed to be equal to the average load 

(Pavg and Qavg). A more detailed explanation of the assumed topology is 

presented in section 4.3.2. 

7. Calculate the voltage drop caused by load at each customer according to equation 4.2 

based on the actual or “assumed” topology. 

8. Calculate the overvoltage hosting capacity by using the simplified equation for the 

voltage rise (equation 4.4) based on the actual or “assumed” topology, the voltage drop 

caused by 20% of peak load (equation 4.2), and the active power losses (equation 4.6 or 

4.10). The voltage upper limit is set to 440 V based on the standard SS-EN50160. This 

step is done according to equation 4.5 or 4.8 depending on which topology is used. 

4.3.1 Overvoltage hosting capacity based on the actual grid topology 

The overvoltage hosting capacity when customer i is limiting is found by using 4.2 and 4.4 and 

also by adding the estimated active power losses as follows: 

𝑃𝑚𝑎𝑥,𝑖 = 𝑃𝑠,𝑖 + 𝑃𝑙,𝑖,       (4.5) 

where: 

𝑃𝑠,𝑖 =  𝑁 ∗
(𝑈𝑙𝑖𝑚𝑖𝑡+ ∆𝑈𝑖,𝑑𝑟𝑜𝑝)∗𝑈𝑠−𝑈𝑠

2

∑ 𝑅𝑖,𝑛
𝑁
𝑛=1

,      (4.5) 

and 

𝑃𝑙,𝑖 = ∑ 𝑅𝑛
𝑁
𝑛=1 ∗ (

𝑃𝑠,𝑖
𝑁

𝑈𝑠
)

2

,       (4.6) 

as derived in appendix E. 

Pmax,i is the hosting capacity, Ps,i is the active power delivered to the slack bus, and Pl,i is the 

active power loss in the network, all are when the hosting capacity is limited by customer i. 

The overvoltage hosting capacity for each combination when N customers have PV is then the 

minimum of Pmax for each customer as follows: 

𝐻𝐶𝑜𝑣𝑒𝑟𝑣𝑜𝑙𝑡𝑎𝑔𝑒 = min (𝑃𝑚𝑎𝑥,1, 𝑃𝑚𝑎𝑥,2, … , 𝑃𝑚𝑎𝑥,𝑁).        (4.7) 

Using the method based on the actual grid topology gives an estimation of the overvoltage 

hosting capacity for any combination of customers having PV. 

4.3.2 Overvoltage hosting capacity based on the assumed topology 

The network is “redesigned” by assuming that one customer has a short-circuit impedance equal 

to the one of the weakest customer (Zsc,1) and that the impedance of the common path between 

this customer and all other customers is equal to Zsc,1/2 as shown in Figure 10. Zsc,1 can also be 

written as Zsc,1 = Rsc,1 + jXsc,1, where Rsc,1 and Xsc,1 are the short-circuit resistance and reactance 

of the weakest customer, respectively. The load at each customer is also assumed to be equal to 

the average load of the customers (Pavg and Qavg). k in Figure 10 is the total number of customers 

in the network. The customer with short-circuit impedance equal to Zsc,1 will be further referred 

as customer 1. Customer 1 will always be the limiting customer because evenly distributed 

micro-production is applied in the network. 
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Figure 10: The assumed topology used to estimate the minimum hosting capacity for each penetration level. 

Equations 4.2 and 4.4 are used for calculating the voltage drop caused by load and the voltage 

rise caused by PV power production based on the assumed topology (Figure 10) and assumed 

load at each customer. The same principle is used here in the assumed topology as in the actual 

topology, the difference is only in the estimation of the active power losses and that the assumed 

topology is used to give an estimation of the minimum hosting capacity for each penetration 

level. The minimum hosting capacity for penetration level N can then be found by using 

equations 4.2 and 4.4 and also by adding the estimated active power losses as follows: 

 𝑃𝑚𝑖𝑛,𝑁 = 𝑃𝑠,𝑁 + 𝑃𝑙,𝑁,       (4.8) 

where: 

𝑃𝑠,𝑁 = 𝑁 ∗
(𝑈𝑙𝑖𝑚𝑖𝑡+ ∆𝑈1,𝑑𝑟𝑜𝑝)∗𝑈𝑠−𝑈𝑠

2

∑ 𝑅1,𝑛
𝑁
𝑛=1

,      (4.9) 

and 

𝑃𝑙,𝑁 =
𝑅𝑠𝑐,1

2
∗  (

𝑃𝑠,𝑁
𝑁

𝑈𝑠
)

2

+  
𝑅𝑠𝑐,1

2
∗  (

𝑃𝑠,𝑁

𝑈𝑠
)

2

,      (4.10) 

where Pmin,N is the minimum hosting capacity for penetration level N, Ps,N is the total active 

power delivered to the slack bus for penetration level N, Pl,N the estimated active power losses 

according to the assumed topology for penetration level N, ∆U1,drop is the total voltage drop at 

customer 1 according to the assumed topology, R1,n is the resistance of the common path 

between customer 1 and n in the assumed topology, and Rsc,1 is the short-circuit resistance of 

the weakest customer in the network. 

An assumed topology to estimate the average hosting capacity for each penetration level is 

shown in appendix F. 

4.4 Overload hosting capacity 
Only the transformer overload is possible to determine without knowing the topology of the 

network. The rated power of the transformer (Srated) is the maximum power that is allowed to 

be transmitted through the transformer before reaching the overload hosting capacity. The 

overload hosting capacity when a combination of customers has PV power is found as follows: 

𝐻𝐶𝑜𝑣𝑒𝑟𝑙𝑜𝑎𝑑 =  √𝑆𝑟𝑎𝑡𝑒𝑑
2 − (−𝑄𝑙𝑜𝑎𝑑  − 𝑄𝑙)2 + 𝑃𝑙𝑜𝑎𝑑 +  𝑃𝑙,       (4.11) 

where 

𝑄𝑙 = ∑ 𝑋𝑛
𝑁
𝑛=1 ∗ (

𝑆𝑟𝑎𝑡𝑒𝑑
𝑁

𝑈𝑠
)

2

,       (4.12) 
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and 

𝑃𝑙 = ∑ 𝑅𝑛
𝑁
𝑛=1 ∗ (

𝑆𝑟𝑎𝑡𝑒𝑑
𝑁

𝑈𝑠
)

2

,       (4.13) 

where Srated is the rated power of the transformer, Qload is the total reactive load in the network, 

Pload is the total active load in the network, Ql is the reactive power losses, Pl is the active power 

losses, Rn and Xn are the series resistance and reactance of the path from the secondary side of 

the transformer to customer n, and N is the total number of customers having PV. A more 

detailed explanation about the overload hosting capacity and the assumptions behind it is shown 

in appendix G. 

4.5 The impact of medium-voltage rise from PV in adjacent secondary substations 
The impact of medium-voltage rise from PV in adjacent secondary substations was determined 

by comparing the hosting capacity obtained when the primary voltage of the low-voltage 

network is taken during low load (20% av maximum load) with the hosting capacity obtained 

when the primary voltage is taken during low load and 20% PV penetration level. This was 

only determined for networks 1 and 3. The choice of the networks was based on having one 

near the primary substation and one far away from it. 

4.6 The accuracy of hosting capacity estimation method 
The accuracy of the hosting capacity estimation method was determined by comparing the 

estimation results with the results obtained by doing complete power flow calculations using 

pandapower. Pandapower (developed by Fraunhofer institute) was found to give the same 

values as NETBAS and was therefore used to evaluate the estimation method. Only networks 

1 and 3 were modeled in pandapower to check the accuracy of the method. 

The error in the hosting capacity estimation of a combination of customers having PV was 

computed as follows: 

𝑒𝑐  =
𝑦𝑒 − 𝑦𝑝 

𝑦𝑝
∗ 100,        (4.14) 

where ec is the error in the hosting capacity estimation of a customer combination, ye is the 

estimated hosting capacity, and yp is the hosting capacity found using pandapower. Positive 

error means that the hosting capacity is overestimated and negative error means that it is 

underestimated.  
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5 Results 
The results of this study are presented in this chapter. The estimated hosting capacity for the 

four networks is presented as well as the impact of medium-voltage rise from PV in adjacent 

secondary substations and the accuracy of the hosting capacity estimation methods compared 

to a full power flow simulation. 

5.1 Replacement of customer’s impedance needing grid strengthening 
Customer 1 in network 3 had a short-circuit impedance higher than the maximum allowable 

and was replaced with the threshold value according to step 4 in section 4.3. Figure 11 shows 

the overvoltage hosting capacity of network 3 with and without replacing the impedance of 

customer 1. Markers (blue asterisks) represent the hosting capacity for all combinations of 

customers having PV without replacing the impedance of customer 1. The blue solid line shows 

the average hosting capacity without replacement and the red dashed line shows the average 

hosting capacity with replacement of the impedance of customer 1. 

 

Figure 11: The blue asterisks and the solid line are overvoltage HC using actual topology and its average respectively, 
without replacement of the impedance of customer 1. Red dashed line is the average HC with replacement of the impedance 

of customer 1. 

It is seen in Figure 11 that the hosting capacities for some combinations are “far away” from 

the others. The reason for this is that customer 1 is included in these combinations and that is 

why a relatively lower hosting capacity is obtained. The red dashed line gives a more realistic 

behavior of the average hosting capacity of network 3 because customer 1 does not fulfill the 

latest grid connection requirements and will require “last mile” grid strengthening of the service 

cable for whatever change made to his network connection, be it PV connection or change of 

fuse rating. 

All results presented later for network 3 include the replacement of the impedance of customer 

1 if not stated otherwise. 
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5.2 Overload hosting capacity 
Figure 12 shows the overload hosting capacity for the studied low-voltage networks.  

 

Figure 12: The overload hosting capacity for networks 1-4 (a-d). 

As the four networks all have a distribution transformer rated 100 kVA, their thermal limit will 

not differ that much, the difference is dependent on the load (20% of peak load) and the active 

power losses in the network. The overload hosting capacity is higher for networks with higher 

impedance and total (low) load because a network with higher impedance gives higher power 

losses and higher load means that more power is consumed locally in the network. The total 

(low) load in network 2 is the highest and that is why the highest overload hosting capacity is 

obtained there.  

In all cases, the PV power production is higher than the load. A PV unit further away from the 

transformer will give rise to higher losses, which in turn means more PV power can be produced 

without violating the transformer limit. This explains the spread of the overload hosting 

capacity for each penetration level. 

The variation in hosting capacity when 1 customer has PV is small for network 1 compared to 

the other networks because the short-circuit impedances of the customers are very close to each 

other. This means that the active power losses obtained when each customer has PV power are 

also close. 

Number of customers: 7 

Total (low) load: 14.6 kW 

Number of customers: 12 

Total (low) load: 18.1 kW 

Number of customers: 10 

Total (low) load: 12.8 kW 

Number of customers: 9 

Total (low) load: 19.1 kW 
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No calculations were done to check cable overload but according to the rated power shown in 

Figure 9, the cables are able to handle the amount of PV power needed to achieve the national 

goal (8 kWp at 20% of the customers) without being overloaded. 

5.3 Overvoltage hosting capacity 
The variation in impedance implies a wide variation in the overvoltage hosting capacity 

depending on which customer/customers have PV. The overvoltage hosting capacity estimation 

using the actual grid topology shows this variation in Figure 13 as blue asterisks.  

Without knowledge of the topology and hence the actual common path between customers an 

approximation of the minimum hosting capacity at each penetration level can be derived using 

the assumed topology shown in Figure 10. This is inserted as a red solid line in Figure 13. 

As comparison the average hosting capacity with respect to overload from Figure 12 is also 

inserted in Figure 13 as a black dashed line. 

 

Figure 13: The hosting capacity for networks 1-4 (a-d). The overvoltage HC using actual topology (blue asterisks), the 
overvoltage HC using assumed topology (red solid line), the average overload HC (black dashed line). 

The overvoltage hosting capacity is mainly dependent on the impedance of the network as was 

described in section 2.3. It is seen from Table 1 that network 1 is the strongest network with the 

lowest average short-circuit impedance of the customers. Therefore, the highest overvoltage 

hosting capacity is achieved in network 1. 
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The hosting capacity for the strongest network (network 1) appears to be limited by transformer 

overload due to lower impedance which means lower sensitivity for voltage variations. 

5.4 The impact of medium-voltage rise from PV in adjacent secondary substations 
Figure 14 shows the overvoltage hosting capacity for networks 1 and 3 (a and b in Figure 14) 

with and without taking into account the medium-voltage rise from PV in adjacent secondary 

substations. These are inserted as red solid and dashed lines, respectively. 

 

Figure 14: The overvoltage HC for networks 1 and 3 (a and b). By taking low load voltage (red dashed line), by taking into 
account medium-voltage rise from PV in adjacent secondary substations (red solid line). 

Table 2 shows the voltages at the studied networks for the low load scenario and for the case of 

low load and 20% PV penetration level in the medium-voltage network. 

Table 2: The voltages at the studied networks for low load and low load plus 20% PV penetration level. 

 

 

Network 

Transformer data 

 

Low load Low load + 20% PV 

penetration 

Voltage 

ratings 

[kV] 

Tap 

position 

[%] 

Primary 

voltage 

[kV] 

Secondary 

voltage [V] 

Primary 

voltage 

[kV] 

Secondary 

voltage [V] 

1 11/0.4 -5 10.778 412.6 10.799 413.4 

2 10.5/0.4 0 10.777 410.6 10.801 411.5 

3 11/0.42 0 10.771 411.3 10.877 415.3 

4 11/0.42 0 10.767 411.1 10.885 415.6 

 

Network 1 is closer to the primary substation and will hence have smaller difference compared 

to network 3 that is further away because the voltage variation is lower near to the primary 

substation which has a fixed voltage in the simulation. 

5.5 The accuracy of transformer overload hosting capacity estimation compared to 

power flow simulation 
The error of the transformer overload hosting capacity estimation is shown in Figure 15. The 

error was determined according to equation 4.14. 
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Figure 15: The error for the transformer overload hosting capacity estimation for networks 1 and 3 (a and b). 

The error in the transformer overload hosting capacity is only dependent on how accurate the 

power loss estimation is. The calculation of power losses is based on assuming that the power 

produced by each PV unit is flowing only through the direct path from the production unit to 

the transformer independently of the power produced from the other PV units, which always 

gives an underestimation of the power losses. This explains why only negative error is obtained 

in Figure 15 which means that the transformer overload hosting capacity is always 

underestimated. The overload hosting capacity for network 1 has lower (negative) error since 

it has lower impedance which means that the power losses estimation is closer to the real 

situation and the underestimation of the power losses is higher for network 3 because it has 

higher impedance. 

The error of the overvoltage hosting capacity estimation using the actual grid topology is also 

found according to equation 4.14 and is presented in appendix H.  

5.6 The accuracy of overvoltage hosting capacity estimation using the assumed grid 

topology compared to power flow simulation 
Figure 16 shows the results obtained by using the assumed topology as red solid line and the 

results obtained by power flow simulation in pandapower as blue asterisks. This is done for 

networks 1 and 3 (a and b in Figure 16). 

 

Figure 16: The overvoltage hosting capacity estimation (solid red line) and pandapower results (blue asterisks) for networks 
1 and 3 (a and b). 
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The estimation method gives the minimum hosting capacity for each penetration level. It is seen 

that some asterisks are below the solid line which means that there is a probability where grid 

strengthening is required if all PV installations are at the weakest customers. This corresponds 

to a traditional planning risk and must be set to a suitable level in order to ensure acceptable 

risk (of PV owners losing production because of inverter overvoltage limit) compared to cost 

(of frequent non-required grid investments). 

5.7 Sensitivity analysis for selected voltage limit and low load 
The results of the overvoltage hosting capacity estimation for different voltage rise limits and 

low load approximation are inserted as solid lines in Figure 17. To check how the uncertainty 

in the “low load”-case can be compensated, the overvoltage hosting capacity was calculated in 

pandapower defining low load as 10% of maximum load. This is also shown in Figure 17 as 

blue asterisks. 

 

Figure 17: Overvoltage HC for network 3. Pandapower results using 10% as voltage rise limit and low load as 10% of 
maximum load (blue asterisks), estimation results for different voltage rise limits and low load approximation (solid lines).  

Figure 17 shows that it is sufficient to decrease the voltage rise limit (i.e., 10%) stated in SS-

EN50160 to 8% in order to compensate for the uncertainty in the low load used and error in the 

method. Having the possibility to use the actual minimum load (from real measurements) would 

remove the need for much of this margin. 
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6 Discussion 
By using the pre-calculated short-circuit impedances at the customers and a suitable assumed 

topology, the estimation method can provide the minimum hosting capacity for each PV 

penetration level. The estimation method can further determine the hosting capacity with 

respect to overvoltage for all different combinations of customers having PV if the actual 

common path between the customers is known. The obtained value reflects the amount of PV 

power that can be installed without exceeding the voltage upper limit. Also, transformer 

overloading can be calculated without knowledge of the actual grid topology. The method thus 

provides an estimation of the magnitude that can be installed without requiring grid investments 

regardless of which customers install PV power.  

Both overvoltage and transformer overload hosting capacity estimations gave an acceptable 

error when applied on the studied networks. This was verified by comparing the estimation 

results with a complete power flow simulation in pandapower as well as in the DSO’s internal 

network information system and power system analysis tool, NETBAS. The error of the 

overload hosting capacity estimation was between 0% and -6%. The DSO is recommended to 

replace SS-EN50160 overvoltage limit (which is 10%) with around 8% to compensate for the 

error in the method and the uncertainty in the actual low load. Thereby a conservative estimate 

of the PV that safely can be installed under each secondary substation is obtained. A small 

probability still exists for overvoltage if, e.g., network data is faulty, however this chance is as 

a reasonable planning risk, considering the trade-off between cost and risk. 

The extent of grid investment required to have 5-10% of Swedish electricity generated from 

solar PV is mainly dependent on the strength of the network and which customers install PV 

power. With the exception of customer 1 in network 3, Figure 13 shows that using SS-EN50160 

limits in the studied networks it would be possible to have 3-7 times more than the PV power 

required to achieve the national goal in Sweden without requiring any grid investment 

regardless of which customers install PV power. However, limitations may be dominating in 

other levels of the grid, e.g., the regional grid. To get a better overview of the extent of grid 

investment required in the Swedish grids to achieve the national goal, the hosting capacity 

method needs to be applied on a higher number of low-voltage networks, preferable for a whole 

concession area with rural, suburban, and urban grids. This will give a better reflection of how 

generic the results in this thesis are. 

The hosting capacity is determined by applying evenly distributed micro-production in the 

network, which means that all micro-producers have equal PV power size. The estimation 

method can also be used for doing stochastic simulations, but this was omitted as its results will 

not be practically used since the hosting capacity will be the value obtained when the weakest 

customer has the highest amount PV power, i.e., the obtained value will reflect the maximum 

amount PV power that the network can handle when only the weakest customer has PV power. 

6.1 Future work 

The hosting capacity estimation method has been applied only on four low-voltage networks. 

To be sure that it will always give an acceptable estimation, it is necessary to apply the method 

on more low-voltage networks. The studied networks are in a rural grid and would need to 

widen to urban and suburban grids. As the methods only require pre-calculated short-circuit 

impedance of each end customer, low load estimate, primary voltage at each low-voltage 

network, and transformer ratings, this is straight forward to apply also at other DSOs. 
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Computational power required for the method is also low compared to power flow calculations. 

An interesting future work would be to apply the methods on all low-voltage networks 

belonging to a certain concession area to check the proportion of secondary substations 

requiring network reinforcement and its cost in order to handle 5-10% of electricity 

consumption being generated from PV, according to the national Swedish target for 2040.  
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7 Conclusions 
The hosting capacity estimation method is applicable if the short-circuit impedance at each 

customer is available since no information about the actual grid topology is required, unlike the 

streamlined method of EPRI that requires the knowledge about the actual topology and does 

power flow calculations. The comparison of the estimation results with power flow calculation 

showed an acceptable planning risk when using 8% overvoltage as limit rather than 10% 

stipulated in SS-EN50160. 

The customers with low short-circuit impedance can install even higher amount of PV power 

without exceeding the voltage upper limit compared to the ones with high short-circuit 

impedance. Strong networks were found to be limited by transformer overload and weak 

networks by overvoltage. However, care must be taken that individual cables are not 

overloaded. 

It was confirmed that the impact of medium-voltage rise caused by PV power in adjacent 

secondary substations is higher the further from the primary substation the secondary substation 

is. However, at levels expected in 2040 in Sweden, PV power generation may match the load 

causing a flat voltage profile along the medium-voltage feeder. 

With the exception of customer 1 in network 3, the studied networks are able to host 3-7 times 

the amount of PV power needed to achieve the national goal year 2040 without requiring grid 

investments if the voltage upper limit is set according to the European standard EN50160 (440 

V). This study includes only four rural grids in one concession area, a better reflection of the 

PV hosting capacity for Swedish grids can only be determined by studying a higher number of 

low-voltage networks throughout the country. 
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Appendix A – The voltage variation equation in its general form 
Figure A.1 shows a conventional two-bus distribution system. U1 is the sending end voltage, 

U2 is the receiving end voltage, P and Q are the active and reactive power consumed by the 

load, P1 and Q1 are the active and reactive power at the sending end, I is the current, and Z is 

the impedance of the line connecting the two buses. The voltage drop is the difference between 

the magnitudes of U1 and U2. A common approximation is to say that the voltage drop along 

the line is the magnitude of UZ, but this is true only when UZ is in phase with U2 as shown in 

the phasor diagram in Figure A.2. The only instance in which this can happen is when cosφ2= 

R/Z, sinφ2 = X/Z, or tanφ2= X/R [29]. 

 

Figure A.1: Two-bus distribution system. 

 

 

Figure A.2: The phasor diagram of the case where the voltage drop is equal to the magnitude of Uz. O is the origin of the 
circle. 

  



33 
 

 

Figure A.3: The phasor diagram of the voltage drop in its general form based on [18].  

Figure A.3 shows the phasor diagram of the voltage drop along the line in its general form. On 

way to find the voltage drop equation in the general form is to use a and b as follows [18]: 

𝑈1
2 = (𝑈2 + 𝑎)2 + 𝑏2,        (A1) 

where: 

𝑎 = 𝑅𝐼𝑐𝑜𝑠𝜑2 + 𝑋𝐼𝑠𝑖𝑛𝜑2,        (A2) 

and 

𝑏 = 𝑋𝐼𝑐𝑜𝑠𝜑2 − 𝑅𝐼𝑠𝑖𝑛𝜑2.        (A3) 

 Equation A1 can be rewritten as: 

√𝑈1
2 − 𝑏2 = 𝑈2 + 𝑎.        (A4) 

By substituting a and b in equation A4, the following voltage drop equation will be obtained: 

∆𝑈𝐿𝑁 =  𝑅𝐼𝑐𝑜𝑠𝜑2 + 𝑋𝐼𝑠𝑖𝑛𝜑2 + 𝑈1 −  √𝑈1
2 − (𝑋𝐼𝑐𝑜𝑠𝜑2 − 𝑅𝐼𝑠𝑖𝑛𝜑2)2,        (A5) 

where 

𝐼𝑐𝑜𝑠𝜑2 =
𝑃

√3∗𝑈2
,        (A6) 

and 

𝐼𝑠𝑖𝑛𝜑2 =
𝑄

√3∗𝑈2
.        (A7) 

Equation A5 is the line to neutral voltage drop equation in its most general form. The three-

phase voltage drop and by using power instead of current is then obtained by multiplying 

equation A5 with √3 and using equations A6 and A7 as: 

∆𝑈𝐿𝐿 =
𝑅𝑃

𝑈2
+

𝑋𝑄

𝑈2
+ 𝑈1 −  √𝑈1

2 − (
𝑋𝑃

𝑈2
−

𝑅𝑄

𝑈2
)

2

.        (A8)  
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Appendix B – Voltage drop caused by load  

 

Figure B.1: Four-bus distribution system. 

Consider the distribution network shown in Figure B.1. The voltage drop at each customer will 

be determined by the load consumed by the customer itself as well as the load consumed by the 

other customer in the network. The total voltage drop at customer 1 is then: 

∆𝑈1 =  ∆𝑈1,1 + ∆𝑈1,2,       (B1) 

where ∆U1,1 is the voltage drop at customer 1 caused by the load at customer 1 and ∆U1,2 is the 

voltage drop at customer 1 caused by the load at customer 2. Each term will be calculated 

individually and independently of the other. 

The series impedance of the path from the slack bus (Us) to customer 1 (cable 1 and cable 2) is 

used in equation 2.1 to approximate ∆U1,1 as follows: 

∆𝑈1,1 =
(𝑅1+𝑅2)𝑃1

𝑈𝑠
+

(𝑋1+𝑋2)𝑄1

𝑈𝑠
,       (B2) 

where ∆U1,2 is determined by using the impedance of the common path (cable 1) between 

customer 1 and customer 2 in equation 2.1. The load at customer 2 is thus assumed to be 

connected at the PCC (bus 3) and that the voltage drop it causes at customer 1 is equal to the 

voltage drop it causes at the PCC. This means that the losses in cable 2 and cable 3 are neglected. 

By these assumptions, the obtained voltage drop will always be lower than a real situation. The 

inspiration of this method is taken from previous Vattenfall master thesis [26] and [27]. ∆U1,2 

is then found as follows: 

∆𝑈1,2 =
𝑅1𝑃2

𝑈𝑠
+

𝑋1𝑄2

𝑈𝑠
.        (B3) 

The total voltage drop at customer 1 is then the voltage drop caused by his load over impedance 

up to his connection point plus the voltage drop caused by load at the other customer over 

impedance up to the PCC as:   

∆𝑈1 =
(𝑅1+𝑅2)𝑃1

𝑈𝑠
+

(𝑋1+𝑋2)𝑄1

𝑈𝑠
+

𝑅1𝑃2

𝑈𝑠
+

𝑋1𝑄2

𝑈𝑠
.        (B4) 

A general expression for the total voltage drop at customer i is expressed as follows: 

∆𝑈𝑖,𝑑𝑟𝑜𝑝 =  ∑ ∆𝑈𝑖,𝑛
𝑘
𝑛=1 ,       (B5) 
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where ∆Ui,drop is the total voltage drop at customer i and ∆Ui,n is the voltage drop at customer i 

caused by load at customer n. k is the total number of customers in the network. 

Combining equation B5 and equation 2.1 gives: 

∆𝑈𝑖,𝑑𝑟𝑜𝑝 =  ∑
𝑅𝑖,𝑛𝑃𝑛

𝑈𝑠
+

𝑋𝑖,𝑛𝑄𝑛

𝑈𝑠

𝑘
𝑛=1 ,       (B6) 

where Ri,n and Xi,n are the resistance and the reactance up to the PCC (or of the common path) 

between customer i and customer n. Pn and Qn are the active and reactive power consumed by 

the load at customer n. 
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Appendix C – Voltage rise caused by PV power production 
In case of load, the voltage drop along the line is equal to the voltage drop at the customer by 

having the slack bus as a reference but in case of PV power production at the customer, the 

voltage drop along the line is equal to the voltage rise at the customer by having the slack bus 

as a reference. The voltage rise caused by PV power production is calculated by assuming no 

load in the network. The voltage drop caused by load, equation B6, will be taken into account 

later while finding the hosting capacity. 

 

Figure C.1: Two-bus distribution system with PV power production. 

In the case of PV power production, the power flow will be reversed as shown in Figure C.1, 

which means that the voltage at the customers will be higher than the slack bus voltage. The 

voltage rise at the customer can be estimated according to equation 2.1 as: 

∆𝑈 =  
𝑅𝑃𝑠

𝑈𝑠
+

𝑋𝑄𝑠

𝑈𝑠
,        (C1) 

where Ps and Qs are the active and reactive power delivered to the slack bus, R and X are the 

resistance and reactance of the line, and Us is the slack bus voltage. 

Since reactive power is neither produced nor consumed by the PV, the reactive power at the 

slack bus is then: 

𝑄𝑠 = 𝑄𝑃𝑉 − 𝑄𝑙 = 0 − 𝑄𝑙 =  −𝑄𝑙,       (C2) 

where QPV is the reactive power produced/consumed by PV and Ql is the reactive power losses 

in the line.  

Using C2 in C1 gives:  

∆𝑈 =  
𝑅𝑃𝑠

𝑈𝑠
−

𝑋𝑄𝑙

𝑈𝑠
.       (C3) 

R is normally greater than X in the low-voltage networks and Ps is much larger than Ql which 

means that the first term is dominating and that the voltage drop along the line is approximately 

equal to the first term according to equation 2.2: 

∆𝑈 =  
𝑅𝑃𝑠

𝑈𝑠
.       (C4) 

Equation C4 will thus be used for determining the voltage rise caused by PV power production. 

Note that two terms are neglected from the voltage variation equation (equation A8) in order to 

obtain equation C4 as shown below. 

∆𝑈 =  
𝑅𝑃𝑠

𝑈𝑠
−

𝑋𝑄𝑙

𝑈𝑠
+ 𝑈1 −  √𝑈1

2 − (
𝑋𝑃𝑠

𝑈𝑠
+

𝑅𝑄𝑙

𝑈𝑠
)

2

≈  
𝑅𝑃𝑠

𝑈𝑠
. 
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The assumptions will affect the result as follows: 

• Neglecting (−
XQl

Us
) gives a higher voltage rise than a real situation. 

• Neglecting (U1 −  √U1
2 − (

XPs

Us
+

RQl

Us
)

2

) gives a lower voltage rise compared to a real 

situation. 

Consider now the case with two customers in the distribution network shown in Figure C.2 

where customers 1 and 2 have the same PV size with no reactive power 

production/consumption. 

 

Figure C.2: Four-bus distribution system with PV power production. 

The total voltage rise at customer 1 is found in the same way as the total voltage drop in 

appendix B as follows: 

∆𝑈1 =  ∆𝑈1,1 + ∆𝑈1,2,       (C5) 

where ∆U1,1 is the voltage rise at customer 1 caused by the PV at customer 1 and ∆U1,2 is the 

voltage rise at customer 1 caused by the PV at customer 2. Each term will be calculated 

individually and independently of the other, as done by estimating the total voltage drop caused 

by load. 

The series resistance of the path from the slack bus to customer 1 (cable 1 and cable 2) is used 

in equation C4 to determine ∆U1,1, and ∆U1,2 is determined by using the resistance of the 

common path (cable 1) between customer 1 and customer 2 in equation C4. This gives that the 

total voltage rise at customer 1 is: 

∆𝑈1 =
(𝑅1+𝑅2)(

𝑃𝑠
2

)

𝑈𝑠
+

𝑅1(
𝑃𝑠
2

)

𝑈𝑠
=

(2𝑅1+𝑅2)𝑃𝑠

𝑈𝑠
.       (C6) 

In equation C6, it is assumed that each customer is delivering Ps/2 to the slack bus which is the 

average of what each customer is delivering. This is a good approximation (since one 

delimitation in this thesis is that all PV units have equal size) but it is not completely true 

because the active power losses in cable 2 and cable 3 are not equal and also because the 

customers do not have equal load size. 

A general expression for the total voltage rise at customer i is expressed as follows: 
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∆𝑈𝑖,𝑟𝑖𝑠𝑒 =  ∑ ∆𝑈𝑖,𝑛
𝑁
𝑛=1 ,       (C7) 

where ∆Ui,rise is the total voltage rise at customer i and ∆Ui,n is the voltage rise at customer i 

caused by PV power production at customer n. N is the total number of customers having PV 

in the network. 

By using equation C4 in equation C7, the general expression for the voltage rise at customer i 

can then be written as: 

∆𝑈𝑖,𝑟𝑖𝑠𝑒 =  ∑
𝑅𝑖,𝑛(

𝑃𝑠
𝑁

)

𝑈𝑠

𝑁
𝑛=1 ,       (C8) 

where Ri,n is the resistance of the common path between customer i and customer n, Us is the 

slack bus voltage. Ps is the total active power delivered to the slack bus and Ps/N is the average 

active power delivered from each customer to the slack bus. 

  



39 
 

Appendix D – Prediction of the PV penetration level needed year 

2040. 
The amount of small-scale PV power required in order to achieve the national goal year 2040 

is estimated using the following information: 

• The national goal is to have 5-10% of Sweden’s electricity production from PV [8]. This 

is equivalent to 7-14 TWh energy production from solar PV. 

• The total installed grid-connected PV capacity in Sweden year 2018 was 411.56 MW 

and the total installed small-scale PV (<20 kWp) capacity was 189.24 MW, which means 

that the installed capacity of the small-scale PV was 46% of the total installed PV 

capacity [2]. It is anticipated that some of the smaller installations are not reported by 

DSOs to the department of energy responsible for PV statistics, that is why it is assumed 

that the small-scale installed PV capacity is around 50% of the total installed PV 

capacity.  

• On average, every 1 kWp PV power in Sweden produces 950 kWh according to analysis 

of production from 500 PV systems sold by Vattenfall between 2017 and 2019.  

• Practically all installations are three phase, as small installations below 3.5-4 kW (where 

single phase is allowed) are very rare. 

• The average size of small-scale PV installations in Vattenfall’s network is around 14 

kW and has been more or less stable 2016-2019. For residential houses (fuse of 16-

25A), the average installation size is around 8 kWp. 

• The total number of possible buildings for small-scale PV installations in Sweden year 

2019 is around 3229500 buildings [30]. 

Assume that the energy production from solar PV will be middle of the target or 10.5 TWh and 

that in 2040, the small-scale installed PV capacity will be 50% of the total installed PV capacity. 

This gives that the energy produced by small-scale PV as: 

𝐸 = 0.5 ∗ 10.5 = 5.25 𝑇𝑊ℎ. 

The needed small-scale PV power capacity will then be: 

𝑃𝑛𝑒𝑒𝑑𝑒𝑑 =
5.25 𝑇𝑊ℎ

950
𝑘𝑊ℎ
𝑘𝑊𝑝

= 5.53 𝐺𝑊𝑝. 

If the rated power of each residential installation is 8 kWp, the total number of PV installations 

needed is: 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛𝑠 =
5.53 ∗ 109

8 ∗ 103
= 691250.  

The proportion of houses with PV installations in Sweden will then be: 

𝐻𝑜𝑢𝑠𝑒𝑠𝑃𝑉 =
691250

3229500
= 0.21 ≈ 20%. 
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This means that the PV penetration level in Sweden will be around 20% year 2040, if the 

penetration level is defined as the portion of customers having PV power in the network. This 

is slightly less than the PV penetration level in 2018 in Australia [31].  
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Appendix E – Overvoltage hosting capacity based on the actual grid 

topology 
The hosting capacity for each combination of customers having PV will be found by firstly 

calculating the maximum PV power that can be produced without exceeding the voltage limit 

at each customer location. Then the hosting capacity of the combination will be found as the 

minimum of the calculated values. This means that the hosting capacity if customers 1 and 2 in 

Figure C.2 have PV is found as follows: 

a. Find the maximum PV power that can be produced when the hosting capacity is limited 

by customer 1 voltage rise. 

b. Find the maximum PV power that can be produced when the hosting capacity is limited 

by customer 2 voltage rise. 

c. The hosting capacity of this combination will be the minimum of the calculated values 

in a and b. 

The voltage at customer i is equal to the summation of the slack bus voltage and the voltage 

rise (equation C8) caused by all PV units in the network as follows: 

𝑈𝑖 =  ∆𝑈𝑖,𝑟𝑖𝑠𝑒 + 𝑈𝑠.        (E1) 

The effect of the voltage drop caused by load in the network is taken into account by assuming 

that the maximum amount of PV is reached when the voltage of customer i is equal to the 

summation of the voltage upper limit and the total voltage drop caused by load (equation B6). 

𝑈𝑖 =  𝑈𝑙𝑖𝑚𝑖𝑡 + ∆𝑈𝑖,𝑑𝑟𝑜𝑝.        (E2) 

By using equations C8 and E2 in equation E1, the following is obtained: 

𝑈𝑙𝑖𝑚𝑖𝑡 +  ∆𝑈𝑖,𝑑𝑟𝑜𝑝 =  
∑ 𝑅𝑖,𝑛

𝑁
𝑛=1

𝑈𝑠
∗ (

𝑃𝑠,𝑖

𝑁
) + 𝑈𝑠,        (E3) 

and 

𝑃𝑠,𝑖 = 𝑁 ∗
(𝑈𝑙𝑖𝑚𝑖𝑡+ ∆𝑈𝑖

𝑑𝑟𝑜𝑝
)∗𝑈𝑠−𝑈𝑠

2

∑ 𝑅𝑖
𝑛𝑁

𝑛=1
,         (E4) 

where Ps,i is the active power delivered to the slack bus when the hosting capacity is limited by 

customer i. 

Not all power produced by the PV units will be delivered to the slack bus due to the losses in 

the network. This means that the power delivered to the slack bus is equal to: 

𝑃𝑠,𝑖 = 𝑃𝑚𝑎𝑥,𝑖 − 𝑃𝑙,𝑖,        (E5) 

where Pl,i is the active power loss in the network and Pmax,i is the hosting capacity, both are 

when the hosting capacity is limited by customer i. 

The active power loss is calculated as if each PV unit is directly connected to the slack bus 

through the direct path. This means that the power produced by each PV unit is assumed to be 

flowing only through the direct path from the production unit to the slack bus independently of 

the power produced from the other PV units. The reactive power loss Ql,i is normally much 

smaller than Ps,i and that is why it is neglected here. By these assumptions, the calculated Pl,i 



42 
 

will always be lower than a real situation. The active power losses can then be estimated as 

follows: 

𝑃𝑙,𝑖 = 3𝑅𝐼2 = 𝑅 (

𝑆𝑠,𝑖
𝑁

𝑈𝑠
)

2

= 𝑅 (
√𝑃𝑠,𝑖

2 +𝑄𝑙,𝑖
2

𝑁∗𝑈𝑠
)

2

≈  ∑ 𝑅𝑛
𝑁
𝑛=1 ∗ (

𝑃𝑠,𝑖
𝑁

𝑈𝑠
)

2

,        (E6) 

where Rn is the series resistance of the path from the slack bus to customer n. 

The overvoltage hosting capacity when customer i is limiting is then found as:  

𝑃𝑚𝑎𝑥,𝑖 = 𝑃𝑠,𝑖 + 𝑃𝑙,𝑖.        (E7) 

The overvoltage hosting capacity for each customer combination when N customers have PV 

is then the minimum of Pmax for each customer as follows: 

𝐻𝐶𝑜𝑣𝑒𝑟𝑣𝑜𝑙𝑡𝑎𝑔𝑒 = min (𝑃𝑚𝑎𝑥,1, 𝑃𝑚𝑎𝑥,2, … , 𝑃𝑚𝑎𝑥,𝑁).        (E8) 

Using the method based on the actual grid topology gives an estimation of the overvoltage 

hosting capacity for any combination of customers having PV. 
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Appendix F – The estimation of the average hosting capacity for each 

penetration level using an assumed topology 
The topology shown in Figure F.1 is used to estimate the average hosting capacity for each 

penetration level. It is thus assumed that one customers has a short-circuit impedance equal to 

Zsc,avg and that the impedance of the common path between this customer and all other 

customers is equal to Zsc,avg/2. The customer with short-circuit impedance equal to Zsc,avg will 

be further referred to as customer 1. Customer 1 will always be the limiting customer because 

evenly distributed micro-production is applied in the network. 

 

Figure F.1: Assumed topology to estimate the average hosting capacity for each penetration level.   

where k is the total number of customers in the network and Zsc,avg is the average short-circuit 

impedance of the customers and can also be written as Zsc,avg = Rsc,avg + jXsc,avg. Rsc,avg and Xsc,avg 

are the average short-circuit resistance and reactance, respectively. The load at each customer 

is also assumed to be equal to the average load of the customers (Pavg and Qavg). 

The average hosting capacity for penetration level N can then be found by using equations 4.2 

and 4.4 and also by adding the estimated active power losses as follows: 

 𝑃𝑎𝑣𝑔,𝑁 = 𝑃𝑠,𝑁 + 𝑃𝑙,𝑁,       (F1) 

where: 

𝑃𝑠,𝑁 = 𝑁 ∗
(𝑈𝑙𝑖𝑚𝑖𝑡+ ∆𝑈1,𝑑𝑟𝑜𝑝)∗𝑈𝑠−𝑈𝑠

2

∑ 𝑅1,𝑛
𝑁
𝑛=1

,      (F2) 

and 

𝑃𝑙,𝑁 =
𝑅𝑠𝑐,𝑎𝑣𝑔

2
∗  (

𝑃𝑠,𝑁
𝑁

𝑈𝑠
)

2

+ 
𝑅𝑠𝑐,𝑎𝑣𝑔

2
∗  (

𝑃𝑠,𝑁

𝑈𝑠
)

2

,      (F3) 

where Pavg,N is the average hosting capacity for penetration level N, Ps,N is the total active power 

delivered to the slack bus for penetration level N, Pl,N is the estimated active power losses 

according to the assumed topology for penetration level N, ∆U1,drop is the total voltage drop at 

customer 1 in the assumed topology, R1,n is the resistance of the common path between 

customers 1 and n in the assumed topology, and Rsc,avg is the average short-circuit resistance of 

the customers in the network. 

Figure F.2 shows the accuracy of estimating the average hosting capacity for each penetration 

level compared to power flow simulation in pandapower.  
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Figure F.2: Overvoltage hosting capacity for network 3. Pandaower result for each combination of customers having PV 
(blue asterisks), the average of pandapower results for each penetration level (blue dashed line), the estimation of the 

average hosting capacity using the assumed topology (red solid line). 
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Appendix G – The overload hosting capacity 
Only the transformer overload is possible to determine without knowing the topology of the 

network. The rated power of the transformer (Srated) is the maximum power that is allowed to 

be transmitted through the transformer before reaching the overload hosting capacity. The rated 

power of the transformer is then: 

𝑆𝑟𝑎𝑡𝑒𝑑 =  √𝑃2 + 𝑄2,        (G1) 

where P and Q are the active and reactive power flowing into the transformer and are found as 

follows: 

𝑃 = 𝑃𝑃𝑉 − 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑙,        (G2) 

𝑄 =  −𝑄𝑙𝑜𝑎𝑑 − 𝑄𝑙,        (G3) 

where PPV is the total active power produced by the PV units, Pload is the total active power 

consumed by the customers, and Pl is the active power losses in the network. Qload is the total 

reactive power consumed by the customers and Ql is the reactive power losses in the network. 

Substituting equations G2 and G3 in equation G1 gives that the overload hosting capacity, PPV, 

is found as follows: 

𝐻𝐶𝑜𝑣𝑒𝑟𝑙𝑜𝑎𝑑 =  √𝑆𝑟𝑎𝑡𝑒𝑑
2 − (−𝑄𝑙𝑜𝑎𝑑  − 𝑄𝑙)2 + 𝑃𝑙𝑜𝑎𝑑 +  𝑃𝑙.        (G4) 

Neglecting the voltage drop in the transformer gives the per unit value of the voltage at the 

primary side as equal to the per unit value of the voltage at the secondary side. This gives the 

full load current which will be needed for estimating the power losses in the network. Total 

power losses are estimated as: 

𝑃𝑙 = ∑ 𝑅𝑛
𝑁
𝑛=1 ∗ (

𝑆𝑟𝑎𝑡𝑒𝑑
𝑁

𝑈𝑠
)

2

,        (G5) 

and 

𝑄𝑙 = ∑ 𝑋𝑛
𝑁
𝑛=1 ∗ (

𝑆𝑟𝑎𝑡𝑒𝑑
𝑁

𝑈𝑠
)

2

,        (G6) 

where Rn and Xn are the series resistance and reactance of the path from the secondary side of 

the transformer to customer n and N is the total number of customers having PV. 

The power losses are estimated as if the power produced by each customer is flowing through 

the series path from the production unit to the transformer independently of production from 

other PV units which means that the estimated power losses will always be lower than a real 

situation. The topology of the network is thus assumed to be as shown in Figure G.1. 
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Figure G.1: Assumed topology to estimate transformer overload hosting capacity. 
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Appendix H – Accuracy of overvoltage hosting capacity estimation 

using the actual grid topology compared to power flow simulation 
Figure H.1 shows the error of the overvoltage hosting capacity estimation when using the actual 

grid topology. The error is found for each combination of customers having PV power 

according to equation 4.14. Positive error means that the hosting capacity is overestimated and 

negative error means that it is underestimated. 

 

Figure H.1: The error in overvoltage hosting capacity estimation when using the actual grid topology compared to power 
flow simulation. 

The error is mainly dependent on the estimation of the voltage rise caused by PV power in the 

network. Neglecting the term (-XQl/Us) from the actual voltage variation equation is 

dominating and giving an overestimated voltage rise compared to a real situation. The 

overestimation is higher for strong networks with low impedance since they can host more PV 

power which contributes to higher losses Ql. Overestimation of the voltage rise means 

underestimation of the hosting capacity therefore, the (negative) error is higher for network 1 

which has lower impedance and can host more PV power compared to the estimated value. 

 

 


