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ABSTRACT 

The future will bring changes in energy production and consumption that will affect the 

performance of electricity distribution networks. Electric vehicle charging will increase 

consumption; the installation of solar photovoltaic (PV) units will increase production. Both 

will change the energy flow and affect the power quality. The installation of solar PV units or 

electric vehicle (EV) charging has a limit above, which they unacceptably deteriorate the 

distribution networks' performance. This limit is referred to as the hosting capacity of the 

distribution network. This work is about developing, applying and studying methods for 

estimating the hosting capacity, especially solar PV. 

Three fundamentally different methods to estimate solar PV hosting capacity for single-phase 

and three-phase units have been identified by a detailed review of the literature:  deterministic, 

stochastic and time-series. The methods were shown to differ in the required input data, 

accuracy, computation time, consideration of uncertainties, and time-correlation between 

different phenomena. The methods have also been compared in relation to their application for 

the assessment of connection requests (screening) or detailed analysis. 

Solar power production, energy consumption and distribution networks’ all have uncertainties 

associated with them. It is helpful to distinguish between two types of uncertainties when 

estimating the hosting capacity: aleatory (“certain”) and epistemic (“uncertain”) uncertainties. 

A stochastic approach, ‘mixed aleatory-epistemic’, was applied to about 1500 low-voltage 

distribution networks. A similar stochastic approach and models were applied to estimate low-

voltage networks' hosting capacity for electric vehicle charging. A deterministic method was 

applied to determine the hosting capacity considering the thermal overload phenomenon for 

both PV and EV charging. 

A planning risk has been introduced to quantify the risk of the distribution network not being 

able to cope with a future penetration of solar PV or EV charging. The planning level entails 

that a distribution network operator accepts a certain risk of exceeding the overvoltage limit. 

The concept has been applied as part of the stochastic approach. The hosting capacity for a 

distribution network is quantified considering a performance index and a limit to what is an 

acceptable deterioration of that index. The 90th percentile of the annual peak demand 

(overvoltage or overload) has been used as a performance index in most of the hosting capacity 

studies in this work. 

The time-of-day (ToD) and time-of-year (ToY) concepts were introduced to model the aleatory 

uncertainties. The time-of-day exemplifies the relevant part of the day, and the time-of-year 

shows the parts of the year applicable for hosting capacity studies when high solar power 

production can be expected. The time-of-day of 10 am to 2 pm has been applied. The period 

from 21st March to 21st September was the applied time-of-year. The latter two, ToD and ToY, 

need to be defined for the application of the concept to other areas than those covered in this 

work. It was shown that the hosting capacity would be underestimated by about 10% if an 

incorrect ToD were used. 

Voltage magnitude and solar power production measurements, over one year with a 10-minute 

resolution, were obtained for thirty-three 10/0.4 kV distribution transformers in Northern 

Sweden. A method of obtaining the ‘background voltage’ from the measurements was 



On the hosting capacity of distribution networks for solar power  

VII 

 

formulated. The background voltage (including its uncertainties) was one of the factors with 

the greatest influence on the hosting capacity.  

Stochastic models for distribution networks were built, and the hosting capacity for low voltage 

distribution networks has been studied. The outcome shows that three-phase solar PV units 

have a higher hosting capacity than single-phase units. The model and method developed can 

be used as a planning tool by distribution network operators (DSOs). The inclusion of the 

uncertainties and correct handling of planning risks is paramount for decision making by DSOs. 

The results show that background voltage variations should be considered from measurements, 

and appropriate ToD/ToY should be used. The quantification of the hosting capacity requires 

both consumption and voltage measurements in the distribution networks.  

The work has also shown that the time of the day and year (ToD and ToY) need to be considered 

for the many hosting capacity methods. The impact is expected to be highest in the ToD and 

ToY. Also, the two types of uncertainties have been clarified in this work. They need to be 

considered as the decisions DSOs make will depend on them. 

This work has generally found that hosting capacity estimation methods are many and different. 

They are all applicable and useful tools for identifying the factors in distribution networks that 

can hold up solar PV and EV charging penetration. It has also been found that there is a strong 

link between distribution network planning and hosting capacity estimation methods. The 

hosting capacity methods in this work can undertake the risks connected to solar PV and EV 

charging.  
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1 INTRODUCTION 

This chapter provides an introductory path to this work. It describes the background, 

motivation, scope, approach, contributions to knowledge in electric power engineering and 

societal aspects. A list is also provided for the publications that make up the body of work 

presented. Finally, a guide is provided for the other chapters that make up the work. 

1.1 BACKGROUND  
The global cumulative installation of solar photovoltaics (PV) at the end of 2020 was at least 

759 GW [1]. There is an expected further increase in the growth of the technology beyond 

2020. Sweden hit a record 1 GW of installed solar power capacity with 400 MW completed in 

2020 only [2]. In addition to solar PV, there has been a growing trend of electric vehicle 

charging as new consumption in distribution networks. The global sale of EVs increased by 

43% and resulted in a 50% share of the market in Sweden [3, 4]. The growth in both solar PV 

and EC charging provides diversification of distribution networks. They transit from the 

traditional way to a new and modern way of power distribution.  

A traditional distribution network is characterised mainly by a large and centrally located 

connection to transmission or subtransmission system that acts as the only source of electrical 

energy for the distribution network. However, modern distribution networks include additional 

sources of electricity production and additional consumption [5]. One such source is electricity 

production from the sun and utilising photovoltaics (PV) technology. The generation of power 

using solar PV is implementable by a power production company, a large private owner or 

residential customers. Solar PV can be connected to an existing distribution network as a large 

production unit or as small distributed units spread across residential customers [6]. 

The integration of solar power by residential customers presents an opportunity for those 

customers to supply their consumption locally [7]. The latter happens when the local 

consumption is larger than or equal to the power production. When the integration of solar 

power takes place with increased consumption due to EV charging, there is an opportunistic 

supply of power during the daytime when there is production from the solar plant [8]. Solar 

power production is highest during the daytime and supplies the charging power needed.  

When solar power production from a single unit is larger than the local consumption, power is 

injected by that customer into the distribution network. The injection can supply power to the 

other residential customers. When multiple domestic customers have solar PV installed, there 

will also likely be multiple customers with power production larger than the local demand. The 

performance of the distribution network will be affected by this in multiple ways [9]. There is 

a likely impact on the thermal overloading, losses, voltage unbalance, harmonics, voltage 

magnitude (overvoltage, undervoltage), interharmonics, rapid voltage changes, and unwanted 

operation of the protection [9-11]. All these impacts require quantification of a limit to how 

much solar PV is acceptable. This acceptable limit is the highest amount that will not cause an 

unacceptable deterioration of the quality of power delivered or the network's performance in 

any other way. The acceptable limit of solar PV power production or EV power consumption 

is referred to as the distribution network's hosting capacity [12]. An illustration of the hosting 

capacity concept is shown in Figure 1-1. 
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Figure 1-1: Hosting capacity definition illustration. 

Hosting capacity quantification becomes a primary challenge for the distribution and network 

operators (DSOs) [12]. The HC point shown in Figure 1-1 needs to be estimated. Knowledge 

about the hosting capacity is essential for decision making and planning of the distribution 

networks. Areas requiring strengthening, investments in the network or an allowable number 

of customers with solar PV without investments are examples of what can be identified using 

hosting-capacity studies. 

1.2 MOTIVATION 
The number of new solar photovoltaic (PV) installations in Sweden has increased since 2017 

[13]. The total amount of installed capacity for solar PV amounted to 231 MW in 2017; the 

increase from 2017 to 2020 is shown in Figure 1-2 [13]. 

 

Figure 1-2: The changes in solar power installed capacity in Sweden from 2017 to 2020. 
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There was an increase of 180, 287 and 391 MW additional units in 2018, 2019 and 2020. The 

annual increments range between 56% and 78%. The majority of the units added are up to 20 

kWp. In 2018, 84% of the units were in this range and 86% for 2019 and 2020. With most of 

the units projected to be in the distribution network, there is an immediate need to quantify the 

hosting capacity of the distribution network. An open search in google scholar with three key 

sentences was done. The sentences and the number of publications, which is inclusive of 

journals and conference papers, obtained using google scholar, were:  

1) Solar power hosting capacity in the distribution systems: There were 42,800 publications. 

2) Increasing solar power hosting capacity in the distribution system: There were 39,700 

publications.  

3) Quantifying solar power hosting capacity in distribution systems: There were 20,100 

publications. 

The search was further narrowed. The term ‘hosting capacity’ was used as it is a keyword. A 

total of 9,040 publications were obtained. About 42% of the publications were towards 

increasing the hosting capacity of solar power and only 16% towards quantifying the hosting 

capacity. There has been an increase and addition of more Solar PV  and EVs in Sweden [3, 4]. 

The majority of the solar PV units are up to 20 kW [13]. There will be a likely deterioration of 

the power quality in distribution networks that will need investment in mitigations. The limit 

of solar PV and simultaneous EV charging needs to be known. Therefore, methods are needed 

to estimate the hosting capacity for solar PV power. Also, within the method framework, the 

method for solar PV was adapted to estimate the hosting capacity for EV charging. 

1.3 SCOPE 
This work aims to estimate the hosting capacity of the distribution networks for solar PV power 

and utilise the hosting capacity method for EV. The extent of the work on hosting capacity 

presented in this work are: 

 Hosting Capacity: In this work, methods to estimate the hosting capacity of solar power 

are presented. The distribution network planning aspect and EV charging hosting 

capacity are also covered within this work. 

 Methods for estimating hosting capacity: This part deals with reviewing, stating and 

developing the different methods applicable for solar power hosting capacity. The 

hosting capacity can be quantified with different methods; the work primarily has 

applied the stochastic approach. Deterministic methods were applied in a few cases as 

a forerunner or comparison to the stochastic approach. Time-series methods were not 

applied in this work. 

 Distribution Network Modelling: The model development concept employed data input 

of individual distribution networks. Models of distribution networks were built based 

on available data from a DSO in Northern Sweden. Some distribution networks from 

Southern Sweden and outside Sweden were also applied to show the global applicability 

of the developed method. MV/LV distribution networks have been used. The medium 

voltage distribution network has not been studied in this thesis. 

 Measurement data: Measurement data from solar PV installations for a number of years 

were applied in parts of the work. Power, voltage and current measurements from 

different DSOs in Sweden have been applied to illustrate the concepts and methods used 
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throughout the work. A few voltage/current data covering an entire year plus months 

were used, and others where aggregated values were available. 

 Hosting Capacity Phenomena: The work has quantified the hosting capacity considering 

the overvoltage (PV), undervoltage (EV) and thermal overload (EV, PV). Other 

phenomena of PV and EV impacts have not been assessed in this work. 

1.4 APPROACH 
The approach to the work presented in this work was built on the following scientific steps: 

 Literature Survey 

 Mapping of uncertainties for Solar PV 

 Development of Stochastic methods  

 Application to existing distribution networks 

 Formulating findings, recommendations and conclusions 

1.4.1 Literature Survey 

The first part of this work is a collection of literature on the subject of hosting capacity (HC), 

electric vehicles (EV) and solar power (PV). A critical review has been done on the existing 

concepts and methods applied to estimate the hosting capacity. Practical distribution planning 

by DSOs has been investigated. A detailed review, analysis and application of the different 

hosting capacity methods have been made.  

1.4.2 Mapping of Uncertainties for Solar PV 

From the results of the studies referred to in Section 1.4.1, it was understood that the estimated 

hosting capacity has uncertainties associated with it. Two types of uncertainties were identified: 

aleatory and epistemic. There is a need to identify and map those uncertainties before 

developing and applying stochastic hosting-capacity methods.  

1.4.3 Development of Stochastic Methods 

After Section 1.4.2, it was identified that different hosting capacity estimation methods are 

needed for academic, industrial and other applications.  A number of possible modelling and 

implementation tools for hosting-capacity methods were reviewed. Examples include 

DIgSILENT power factory, MATLAB general, MATLAB Simscape Electrical (formerly 

SimPowerSystems) and OpenDSS. Sample models and methods were tested using these tools. 

The MATLAB tool (general) was selected. Among the three methods identified in Section 

1.4.1, the stochastic approach (method), including the mapped uncertainties in Section 1.4.2, 

was selected for the application. The superposition theorem, in the form of the transfer 

impedance matrix, for estimating the voltage rise or drop became the fundamental backbone of 

the voltage calculations. The transfer impedance matrix builds on the classical admittance and 

impedance matrix that most commercial software utilises. The calculations used in this work 

did not use the complete load flow but assume known currents to calculate the node voltages 

from the transfer impedance matrix. 
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1.4.4 Application to existing distribution networks 

The fourth part of this thesis work involved the development of models for distribution 

networks and from measurements. Branch impedance data for existing distribution networks 

and associated source impedances were obtained from a number of DSOs. About 1500 MV/LV 

distribution networks have been modelled in MATLAB as part of this work and used in 

different case studies. In addition, useful measurement data on solar power production, 

voltages, currents, and power at various locations in different distribution networks was 

collected, analysed, and applied to estimate the hosting capacity. 

1.4.5 Formulating findings, recommendations and conclusions 

The final part of the approach to this work involved the formulations of the findings, 

recommendations, and conclusions. Many study cases for the stochastic models built in Section 

1.4.3 and application to existing distribution networks in Section 1.4.4 were utilised in this 

section of the overall approach.  

1.5 CONTRIBUTIONS 
The main contributions of the work towards the knowledge in the field of electric power 

engineering are; 

1) Categorisation of different hosting capacity estimation methods [Paper A] 

The work outlines the different fundamental methods available for hosting capacity estimation. 

A detailed review of the methods showed that overvoltage and thermal overloading are the 

most widely studied phenomena for hosting capacity estimation in the scientific literature. A 

procedure that facilitates an easy selection of a suitable method for DSO has been provided 

based on the key features of the methods. 

2) Discussions on opportunities and limitations of hosting capacity estimation methods [Paper 

A] 

Methods for estimating the hosting capacity have been classed, in this work, into deterministic, 

time-series, and stochastic (or probabilistic) methods. The essential differences have been 

highlighted. Those differences, among others, determine the needed input data for each method. 

In addition, the need for different HC studies to be done is met in different ways by the different 

methods. The methods can be fast (deterministic), include uncertainties (stochastic) and include 

time correlation between different aleatory uncertainties (time-series).  

3) Introduction, distinction, systematic treatment and inclusion of aleatory and epistemic 

uncertainties in the hosting capacity estimation [Paper B, Paper D and Paper F]  

These two types of uncertainties are by some authors classified as ‘‘certain uncertainty’’ and 

‘‘uncertain uncertainty’’. A re-classification of these two uncertainties into aleatory and 

epistemic uncertainties was made, and the re-classification has been applied to integration 

studies for EV charging and PV. It has been shown how the distinction between aleatory and 

epistemic uncertainties can be included in a stochastic hosting-capacity method and how this 

can assist DSO planning decision-making. Simple models for epistemic uncertainties based on 

interval range and possibilities have been incorporated in stochastic hosting-capacity methods.  

4) Stochastic approach with embedded planning risk [Paper B] 
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A stochastic mixed aleatory-epistemic approach for estimating the hosting capacity has been 

proposed. The approach has a planning risk embedded by considering a percentile of the voltage 

probability distribution as a performance index in the hosting-capacity calculation. The overall 

estimation of the hosting capacity considers the influence of the epistemic uncertainties during 

the relevant hours of the day (time-of-day: ToD) and months of the year (time-of-year: ToY). 

The considered ToD and ToY results in a limitation of the needed amount of input data. 

5) Characterisation and importance of aleatory uncertainties ToD with ToY for hosting capacity 

estimation [Paper C] 

The ToD and ToY were introduced in Paper B. The ToD of 10 am – 2 pm, used in that paper, 

has been confirmed using measurements of actual solar power production at a number of 

locations in Northern Sweden and Finland. A method for obtaining the probability distribution 

function (pdf) of aleatory uncertainties has been proposed and implemented for a real case. It 

was further shown that the details of the probability distribution for the background voltage 

have a limited impact on the estimated hosting capacity. It was shown that in the absence of 

information on the background voltage for hosting capacity studies, voltage measurements on 

the LV side of an MV/LV transformer can be used as an approximation of the background 

voltage. The use of any ToD other than the sunny hours (10 am – 2 pm) underestimates the 

hosting capacity. It is thus important to use correct ToD in the hosting-capacity estimation to 

avoid unnecessary restrictions to solar power integration. 

6) Application of the stochastic approach to a concession area with many distribution networks 

[Paper D] 

The stochastic approach developed in paper C has been further improved to handle multiple 

low-voltage distribution networks. The resulting approach can estimate the hosting capacity for 

over a thousand distribution networks while considering multiple uncertainties. The estimated 

hosting capacity results are useful information for making planning decisions by DSOs. 

7) Overvoltage is not limiting the hosting capacity for solar power in most distribution networks 

with a small number of customers [Paper D] 

In paper D, the distribution networks were divided into those with 1-8 customers and those with 

more than 8 customers. The estimated hosting capacity for solar PV was not limited by 

overvoltage for those with up to 8 customers; instead, the hosting capacity was limited by 

overloading. 

8) Use of data on distribution networks in a concession area to show that the national electricity 

target for Sweden could be met by solar-power production, without the need for major measures 

in low-voltage networks [Paper D] 

The results of the hosting capacity estimation for the concession area showed that the solar PV 

national target of 5-10% of the electricity production in 2040 could be met by solar PV. This 

target corresponds to about 25% of residential customers having solar PV sizes from 3 kWp up 

to 18 kWp. 

9) Identification of distribution network critical components likely to limit solar power 

integration considering overloading [Paper E] 

The deterministic and stochastic models are presented for estimating the hosting capacity of 

solar power due to overload. The transformer and feeder cable are likely to limit the penetration 
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of solar PV in distribution networks. The service cable, which is the last cable to the customer, 

is not likely to limit the addition of solar PV power up to 43.5 kW. 

10) Deterministic hosting capacity is an upper bound of the estimated hosting capacity for 0-

50% planning risk (Paper E) 

The acceptable risk applied in paper E showed that a 50% penetration rate, which is a 

probability, yields about the same hosting capacity for deterministic and stochastic.  For the 

risks lower than half (50%), the deterministic becomes the upper bound value for the 

transformers applied in the paper. Overall, the deterministic hosting capacity will take the upper 

bound. 

11) Overloading of the distribution transformer is more likely than overloading of a feeder 

cable for PV units sizes less than 10 kW (Paper E) 

There is a risk of overload with solar PV penetration for the distribution transformers and the 

feeder cables. The feeder cables deliver power to the cable cabinets with customers connected 

downstream. With the random connection of solar PV for domestic customers, the transformer 

has a higher risk of being overloaded than the feeder cables.  

12) Definition, description and calculation of break-even length (BEL) of feeder and service 

cables as a valuable tool for planning (Paper E) 

The break-even length (BEL) is defined and described by the use of a simple deterministic 

model. BEL is the length where a back-feed equal to the loadability of the cable results in a 

voltage rise equal to its maximum-permissible value. The calculated BEL is a useful tool for 

quickly assessing what sets the limit to PV or EV charging: voltage or current.  Such 

information is useful for planning expansion to existing distribution networks or designing new 

ones. Apart from the loadability, the overvoltage limit can be estimated for each cable in the 

distribution network. 

13) Deterministic and stochastic methods show that overloading of transformer and feeder 

cable is not an issue for solar PV penetration of up to 20% [Paper E] 

The two methods, deterministic and stochastic, have been applied in the paper to assess the 

hosting capacities of the distribution networks. The results obtained indicate that the probability 

of overloading is zero or small as long as the probability that customers install PV is less than 

20%. 

14) Application of the stochastic method developed for Solar PV to EV charging [Paper F] 

A stochastic approach for EV hosting capacity has been developed and applied based on the 

method for solar PV from Paper B. The approach includes the aleatory-epistemic uncertainties 

combination for the ToD and ToY of interest. Within a single framework, this offers a 

possibility to assess both EV and PV hosting capacity. 

15) Non-specific method for estimating EV hosting capacity [Paper F] 

The adapted approach for estimating EV hosting capacity is non-specific and can be used for 

any time of day, week and year, without detailed knowledge of the charging patterns. Most of 

the studies for EV integration have to consider the charging and driving patterns. 



On the hosting capacity of distribution networks for solar power  

8 

 

16) Simultaneous EV charging power of 3.7 kW single-phase and 11 kW three-phase is not a 

serious challenge for small distribution networks [Paper F] 

The estimated hosting capacity for EV charging was highest, expressed as a number of 

customers, for the 3.7 kW single-phase and 11 kW three-phase. All the customers for the small 

distribution network (up to 6 customers) were able to charge simultaneously without the 

undervoltage limit being exceeded. In addition, the majority of the customers in the 83-

customers distribution network could simultaneously charge with this amount of charging 

power. At larger charging powers, as could be expected in the future, there is a need to monitor 

currents and voltages more closely as not all customers will be able to charge simultaneously. 

17) Highest Solar PV production and simultaneous EV charging at many customer locations is 

likely to cause overvoltage, undervoltage and overload for some of the distribution networks 

[Paper B, Paper C, Paper D, Paper E and Paper F] 

With many customers and larger solar PV penetration, the overvoltage margin of +10% is likely 

to be exceeded for some customers. The hosting capacity is significantly smaller with single-

phase connections, as was shown in Paper B. Undervoltage limits are exceeded with 

simultaneous charging of EV and larger charging power. At future larger EV charging powers, 

the undervoltage margin of -10% will likely be exceeded.  

18) Background voltage for EV simultaneous charging and highest solar PV production has a 

major impact on hosting capacity estimation [Paper B, Paper C and Paper F] 

The background voltage in solar PV and EV charging hosting capacity estimation plays a 

pivotal role. Information on the background voltage has been obtained in this work from 

measurements with the distribution transformer. What is applicable in each scenario is different 

for solar PV and EV charging. The lowest background voltage matters most for EV charging, 

and the highest background voltage matters most for solar PV hosting capacity estimations. 

1.6 SOCIETAL ASPECTS OF THE WORK 
The use of solar PV instead of fossil-fuel sources reduces greenhouse gas (GHG) emissions. 

EVs instead of conventional motorized vehicles do the same, but it is also important that the 

electricity supply comes from non-carbon sources [14]. There is rather a broad agreement that 

the GHG emissions should go down very fast [15]. Solar PV and EVs are important 

contributions to that. A need to shift from fossil-fuel-based sources to clean and sustainable 

sources of energy at a fast pace has been established by scientists for several years now. The 

recent report by the IPCC  has once again confirmed this [15]. 

The penetration of solar PV and charging of EVs, especially in large amounts, does have a 

negative impact on the performance and power quality of the electricity distribution network. 

As one of its tasks, the distribution system operator (DSO) has to maintain the power quality 

and performance of the distribution network. Because of that, the DSO will set a limit to the 

amount of PV and EV that is allowed to be connected. That, in turn, will limit the reduction of 

GHG emissions.  

A limit to PV and EV has other adverse impacts as well. There is a potential for customers to 

miss the benefits of installing solar PV and having transportation with EVs. Balance is needed 

between the need for connecting PV and EV and maintaining the distribution network 

performance. Both are seen as important for society. The hosting capacity is where one 
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requirement needed gets into conflict with the other. To be able to balance the conflicting 

interests, information and insight on the hosting capacity are needed. Such is also essential for 

deciding about investments to increase the hosting capacity. An increased limit (higher hosting 

capacity) of solar PV and EV charging entails a further reduction of GHG emissions. Financial 

benefits can also be accorded to the customers [16-18]. 

There is another aspect associated with PV and EV charging in distribution networks that are 

often forgotten in decisions about integrating solar PV and EV charging. It has to do with 

various kinds of uncertainty. Those uncertainties make that there is no strict and well-defined 

limit or hosting capacity. Instead, there are two risks that need to be balanced: too strict limits 

(unnecessary barriers to EV and PV); too loose limits (distribution network performance not 

good enough). Stochastic methods are needed to be able to balance these two risks. The risk of 

“distribution network performance not good enough” is referred to as planning risk in this work. 

Large amounts of solar PV and EVs will affect the reliability of the distribution networks [19, 

20]. The power supply to the customers should be reliable and without interruptions. When the 

power quality is impacted, the number of interruptions and energy not supplied can increase 

for the customers connected to the distribution networks. The DSOs compliance with reliability 

indices is reduced, which can result in penalties from regulators and financial losses.  

The impact of this work on society is related to the estimation of the limit. For example, in 

other countries, developing countries [21], there is no interaction of small residential PV units 

with the distribution networks—the installation of solar units is solely for local consumption. 

There is no need to quantity the hosting capacity for the small units.  

1.7 WORK OUTLINE  
The work is organised following the outline shown in Figure 1-3. 

 

Figure 1-3: Overall work outline. 

The work is organised into seven chapters.  



On the hosting capacity of distribution networks for solar power  

10 

 

Chapter one presents the introductory parts of the work: background, motivation, scope, 

approach, work contributions and societal aspects. 

Chapter two introduces the concepts of solar power production and distribution networks. 

Theory, characteristics and practical production of solar PV units are presented. Also, an outline 

of planning is presented. 

Chapter three gives an overview and insights into the fundamental methods used to quantify 

hosting capacity for solar power. In addition, to show the applicability of the methods to EV 

charging hosting capacity. A discussion of the suitable methods for customer screening or 

detailed impact study is presented in the chapter. 

After the third chapter, a succession of three chapters follows the development and estimation 

of methods for hosting capacity estimation. The chapters are centred on the hosting capacity 

for solar power and EV. The stochastic hosting capacity for solar power considering 

overvoltage and overload is presented in chapters four and five. Finally, in chapter six, EVs 

hosting capacity is presented within the same framework as the solar PV method.  

Chapter seven presents a description of the findings followed by the discussions and 

recommendations resulting from the publications listed in Section 1.8 (Appended Paper-A to 

Paper-F). 

1.8 PUBLICATIONS ORIGINATING FROM THIS WORK 
 

The aggregated publications which build this work are:  

Paper A 

E. Mulenga, M. H. J. Bollen, and N. Etherden, "A review of hosting capacity quantification 

methods for photovoltaics in low-voltage distribution grids," International Journal of 

Electrical Power & Energy Systems, vol. 115, p. 105445, 2020. 

Paper B 

 E. Mulenga, M. H. J. Bollen, and N. Etherden, "Solar PV stochastic hosting capacity in 

distribution networks considering aleatory and epistemic uncertainties," International Journal 

of Electrical Power & Energy Systems, vol. 130, p. 106928, 2021. 

Paper C 

E. Mulenga, M. H. J. Bollen, and N. Etherden, "Distribution networks measured background 

voltage variations, probability distributions characterisation and Solar PV hosting capacity 

estimations," Electric Power Systems Research, vol. 192, p. 106979, 2021. 

Paper D 

E. Mulenga, N. Etherden, and M. H. J. Bollen, “Regional Distribution Network Hosting 

Capacity Assessment Using a Stochastic Approach," To be submitted to IEEE Transactions on 

Power Deliver vol. 1, p.1, 2021/22. 

Paper E 
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E. Mulenga, M. H. J. Bollen, and N. Etherden, “Limits set by component loadability on solar 

power integration in distribution networks," Submitted to Electric Power Systems Research, 

vol. x2, p. y2, 2021/22. 

Paper F 

E. Mulenga, M. H. J. Bollen, and N. Etherden, " Stochastic hosting capacity for electric vehicles 

charging considering undervoltage," Submitted to Electricity (MDPI), vol. 192, no.x3, pp. y3, 

2021. 

1.9 OTHER PUBLICATIONS BY THE AUTHOR 
Other publications not part of this work whose knowledge content/contributions was shared at 

conferences, symposiums and workshops are: 

E. Mulenga and M. H. J. Bollen, "Impact of service and feeder cable upgrade on hosting 

capacity for single-phase connected photovoltaics," in 18th International Conference on 

Harmonics and Quality of Power (ICHQP), 2018, pp. 1-6. 

E. Mulenga, M. H. J. Bollen, and N. Etherden, " Solar PV hosting capacity methods and 

industrial application gaps," Accepted in Proc. of the 26th International Conference on 

Electricity Distribution (CIRED 2021), Geneva, Switzerland, 2021, pp. 1-4. 

E. Mulenga, M. H. J. Bollen, and N. Etherden, "The Role of Aleatory and Epistemic 

Uncertainties in a Stochastic Hosting Capacity Approach for Solar PV," in IEEE PES 

Innovative Smart Grid Technologies Europe (ISGT-Europe), 2019, pp. 1-5. 

M. Bollen, E. Mulenga, S. Rönnberg, and N. Etherden, "Hosting Capacity of the Grid for 

Photovoltaic Installations: a Stochastic Approach Applied to Single-phase Connections," in 8th 

Solar Integration Workshop - International Workshop on Integration of Solar Power into 

Power Systems, 16-17 October 2018, Stockholm, Sweden, 2018. 

E. Mulenga, M. H. J. Bollen, and N. Etherden, "Overvoltage due to single-phase and three-

phase connected PV and what to do about it," in Proc. of the 25th International Conference on 

Electricity Distribution (CIRED 2019), Madrid, Spain, 2019, pp. 1-4. 

E. Mulenga, M. H. J. Bollen, and N. Etherden, " Likelihood of overload due to connected solar 

PV," Accepted in Proc. of the 25th International Conference on Electricity Distribution (CIRED 

2021), Geneva, Switzerland, 2021, pp. 1-4. 

A. Mouaz, M. H. J. Bollen, E. Nicholas, and E. Mulenga, " Empirical Analysis of Voltage 

Variations in Low Voltage Distribution Grids from Photovoltaic," in 9th Solar and Storage 

Integration Workshop - International Workshop on Integration of Solar Power and storage into 

Power Systems, 15-16 October, 2019, Dublin, Ireland, 2018. 

E. Mulenga, M. H. J. Bollen, and O. Karlsson, " The Importance of Power Quality Monitoring 

for Modern Network Operators and Industries in Zambia," in Proc. of the Engineering 

Institution of Zambia 2018 Symposium (EIZ 2018), Livingstone, Zambia, 2018, p. 23-39. 

E. Mulenga, " Fuel Cell Technology: An Optional Back-Up Power Supply System for Zambia," 

in Proc. of the Engineering Institution of Zambia 2018 Symposium (EIZ 2018), Livingstone, 

Zambia, 2018, p. 12-21. 
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2 SOLAR POWER AND DISTRIBUTION NETWORKS 

This chapter introduces some of the characteristics of solar power production from an installed 

unit and distribution networks. When integrated into a distribution network, solar PV power 

production and its characteristics are described in this chapter. 

The world’s electricity production in 2020 had a 3.7% contribution from solar photovoltaics 

(PV) [1]. The share of solar PV is expected to continue rising between 2020 and 2024 [21]. A 

total of 140 GW was the global installed capacity of solar PV, and 42% of the installed capacity 

was from a unit installed on rooftops and connected to distribution networks [1].  

2.1 SOLAR POWER PRODUCTION 
Different factors impact the solar power production from a PV panel, including the sun’s 

location in the sky and the cloud cover [22]. These two factors determine the amount of solar 

irradiation that reaches the surface at any point on the earth. The revolution of the earth around 

the sun and the rotation around its axis cause the daily and seasonal variations in the sun’s 

location in the sky. They are also what causes daily and seasonal patterns in cloud cover. An 

example of the variation in power production from solar panels (2.5 kW installed capacity), 

measured at a location in Northern Sweden during one year, is shown in Figure 2-1. ([23]) 

 

Figure 2-1: The hourly solar PV production for a solar PV unit located in Northern Sweden. 

The solar PV production in Figure 2-1 shows high daytime production peaks roughly from 21st 

March to 21st September. The red dotted line shows the period from the 80th day to the 294th 

day of the calendar year. The peaks in the production correspond to days with zero or small 

cloud cover around noon. The early spring period has been shown to give the maximum annual 

production. The factors that contribute to this maximum production are the low temperature 

that increases the solar panels' efficiency and the reflection of snow due to its high albedo that 

increases the indirect irradiation reaching the panels. 

An estimation was made of the period of the year during which high solar-power production 

could be expected. In Northern Sweden, the temperature is lower before the summer solstice 

of 21st June than after 21st June. The annual peak will, therefore, more likely occur before the 
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21st of June than after. The sun is straight above the installed panes on 21st March and 21st 

September, equinox days, for solar panels that are tilted with an angle equal to the geographical 

latitude of their location. For a fixed unit, the peak will occur at noon on a day with clear skies 

around 21st March and around 21st June for a two-axis tracking system. Measured solar PV 

power production for five years, for the same installation in Figure 2-1, is shown in Figure 2-2. 

 

Figure 2-2: Hourly solar PV power production from 2014 to 2018 for a solar PV unit located in Northern Sweden 

(Location-02). 

The power production enclosed in the red dotted line in Figure 2-2 shows a similar pattern for 

the five years. In [24], measurements of solar power production at three locations in the 

Northern hemisphere were presented. The daily highest production for all the three locations 

was obtained. The aim was to establish the time-of-year (ToY) and time-of-day (ToD). The 

date and time of the highest production are shown in Table 2.1. 

Table 2.1: Year, month, date and time of highest solar power production for three locations. 

Production 

Year 
2014 2015 2016 2017 2018 

 Location-01    

Max (kW) 

production 
2.096 2.079    

Month, date 

and time (max) 

25th March 

11:30-11:50 

21st March 

11:30-11:50 
   

 Location-02    

Max (kW) 

production 
2.411 2.458 2.417 2.518 2.515 

Month, date 

and time (max) 

09th May 

12:30-12:50 

4th May  

12:30-12:50 

12th May 

12:00-12:20 

14th May  

12:30-12:50 

09th April 

12:30-12:50 

 Location-03    

Max (kW) 

production 
19.012 19.013 18.874 18.798 19.027 

Month, date 

and time (max) 

26th March 

11:00-11:20 

26th March 

11:30-11:50 

18th March 

12:00-12:20 

29th June  

14:30-14:50 

03rd April 

11:00-11.20 
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Table 2.1 shows that The ToD and ToY fall within the assumed months (March-September) 

and time (10 am – 02 pm). The months of March, April, May and June report the highest values 

from the panel’s production. The figures above also show that, although there is a tendency for 

somewhat higher values in early spring, the high daily peaks are about the same for the period 

between 21st March and 21st September. 

2.2 DISTRIBUTION NETWORKS 
Distribution networks facilitate the delivery of power from the source to the customer [25]. An 

example of a distribution network layout existing in Northern Sweden is shown in Figure 2-3. 

 

Figure 2-3: Example of distribution network layout from high-voltage to low-voltage [24]. 

Typical voltage levels of the existing distribution network in Northern Sweden are 130, 40, 10 

and 0.4 kV. Existing generation units are, in Sweden, usually connected at voltage levels of 

130 or 400 kV. The residential customers, likely to install distributed solar PV units, are 

connected to the low-voltage distribution network. An alternative: in most European countries, 

the low-voltage network has a line voltage (phase-to-phase voltage) of 400 V; customers can 

be connected to just one phase or all three phases. The connection to all three phases is most 

common in Sweden, but domestic customers are typically connected to just one phase in other 

European countries. There are thirty-three LV distribution networks in Figure 2-3. The hosting 

capacity estimation studies that have been done in this work are for low-voltage networks. 

Some of the distribution networks that have been studied in this work are those supplied through 

the transformers T1 to T33 in Figure 2-3. An example of a low-voltage distribution network 

with 83-customers is shown in Figure 2-4.  
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Figure 2-4: LV distribution network with 83-customers connected at the cable cabinets (black). The layout also 

shows the transformer, cable types, lengths and number of customers (C) [26]. 

The example network shown in Figure 2-4 is has been used in some of the papers (Appended 

Paper B, Paper C and Paper F). The supply to the customers is three-phase. A 500 kVA 

transformer, 10/0.4 kV, Dyn11 and impedance of 4.33% deliver power to the customers. The 

customers at each cable cabinet are listed (1C - 6C). The number of customers directly supplied 

from a cable cabinet varies, for this network, between one and six. 

2.3 SUMMARY OF SOLAR POWER IMPACTS ON DISTRIBUTION NETWORKS 
Solar PV addition to a distribution network changes the power flows and quality of the 

electricity being delivered. There are benefits and disadvantages to the performance of the 

distribution networks. Some of the benefits of solar power include [9]: 

 Sustainable and environmentally friendly source of energy 

 Potential to reduce losses 

 Potential to improve voltage profile for areas with inherent low voltages. 

 Potential to reduce high loading. 

The increase in penetration and the highest production of solar power will likely cause some of 

the following problems in distribution networks [27]: 

 Overvoltage  

 Overloading  

 Increase in losses 

 Voltage unbalance 

 Harmonics 

 Increase or decrease in short-circuit capacity leading to protection malfunctioning  

The integration of solar power will also reduce the quality of voltage in distribution networks, 

and overloading may result. The introduction of solar power adds diversity to traditional 

distribution network planning [28]. In the short-term and long-term, planning must ensure that 

the distribution network meets the technical conditions [29, 30]. Any changes in consumption 



On the hosting capacity of distribution networks for solar power  

17 

 

(EV charging) and production (solar PV) should be accommodated [31]. It also holds for the 

anticipated future changes. An outlook from a distribution planning perspective is given in 

Section 2.4. 

2.3.1 Overvoltage 

The power supply to a customer from the distribution network and solar PV unit will yield a 

net supply. The net power supply to the customer due to a large solar PV unit, which is more 

than demand, and producing the highest value will cause a voltage magnitude rise [27]. The 

voltage rise, ∆𝑈𝑟𝑖𝑠𝑒, due to the net current as a result of the net power (𝐼𝑛𝑒𝑡) is calculated using 

equation (2-1). 

∆𝑈𝑟𝑖𝑠𝑒 = 𝑅𝑐𝑐𝐼𝑛𝑒𝑡𝑐𝑜𝑠 𝜙 + 𝑋𝑐𝑐𝐼𝑛𝑒𝑡 𝑠𝑖𝑛 𝜙 (2-1) 

     Where 𝜙  is the power factor, 𝑅𝑐𝑐 is the equivalent resistance and   𝑋𝑐𝑐  is the equivalent 

reactance at the point of coupling of the customer.  

Equation (2-1) is an approximation of the expected voltage rise. The voltage rise is a function 

of the impedance, net current and power factor. When solar PV installation injects active power 

only, as is typically the case, the power factor is one (zero phase angle:𝑐𝑜𝑠𝜙 = 1), the resistive 

part of the equation will matter most for the voltage rise. The solar power production, and thus 

the impact on the voltage, is highest during the sunny hours of the day, 10 am – 2 pm (ToD), 

as we will see in Paper C (appended). The highest production is expected from a solar PV unit 

during that period of the day. The voltage rise can cause the voltage at a customer to exceed 

the overvoltage limit (which is typically somewhere between 5% and 10% above the nominal 

voltage). An overvoltage problem may occur due to the addition of solar PV and the highest 

production during sunny hours. The overvoltage problem can cause unwanted tripping of the 

production units. If such tripping of the units does not occur, there can be damage to electrical 

appliances for the customers. 

2.3.2 Overloading 

During the periods with the highest power production from a solar PV unit, there is a net current 

flow (𝐼𝑛𝑒𝑡) into the distribution network. The loading of the components will increase with the 

increasing amount of installed capacity once the capacity is such that a net power flow into the 

distribution network occurs [12, 27]. The highest power flow is expected when there is 

minimum customer consumption and high production (See Chapter 5). With a further increase 

in installed capacity, there is a risk of exceeding the components' loading limit (the 

“loadability”). There will be an overloading problem in addition to the overvoltage problem 

explained before for the distribution networks.  

2.3.3 Losses 

An increasing amount of solar power connected to the distribution network will also cause an 

increase in the power losses in the distribution network. The losses are a function of the square 

of the current through the line, cable or transformer. Similar to overloading, there is a reduction 

in power losses for small amounts of solar power. The injection of a large net current into the 

network will increase the losses [12]. The losses over a whole year need to be evaluated to 

decide whether it is a benefit or a negative impact overall for the distribution network. The 
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losses in a distribution network are linked to the cost of operating the distribution network. The 

annual losses are essential for planning and decision making.  

2.3.4 Unbalance 

Before adding solar PV, the presence of single-phase loads can cause voltage unbalance in the 

distribution networks [9]. It is the background unbalance before the connection of solar PV. 

Solar PV installations can be single-phase or three-phase connected. When single-phase 

inverters are used, the voltage rise in the three phases will not be the same. This additional 

voltage unbalance will be added to the background unbalance. If there are more single-phase 

systems, a corresponding increase in voltage unbalance will possibly result in the total 

unbalance exceeding the limits.  

2.3.5 Harmonics 

Harmonics are an example of distortion in the current and voltage waveforms. The presence of 

non-linear loads causes this distortion in the waveforms. The addition of solar power is through 

power electronics-based inverter interfaces. These will inject additional harmonics into the 

distribution network [32]. Based on the frequency components present,  a subdivision is made 

into harmonics, interharmonics, subharmonics and supraharmonics [33].  

2.3.6 Protection  

The protection of a distribution network in a conventional way depends on the fault current. 

The fault current emanates from the source impedance. At the fault location, different 

protection systems are in use [12, 34]. The addition of solar power with its power conditioning 

units affects this impedance. The addition of solar PV units to a distribution network will cause 

a change in the fault current. The changes can cause unintentional tripping, blinding of 

protection or non-controlled islanding of part of the distribution network [34, 35]. 

2.4 OUTLOOK OF DISTRIBUTION NETWORK PLANNING 
The power system infrastructure involves the substations, feeders, transformers, cables and 

overhead lines [31]. The transport capacity of the power system needs to be sufficient for the 

demands of the consuming units, which are the loads. The addition of production units (solar 

PV) to the distribution network changes the requirements, but the basic rules of distribution 

network planning are not changed. In almost all cases, distribution network planning results in 

“safety margins”, an intentional over-dimensioning of the power system components. There 

are several reasons for this over-dimensioning; the main one is to enable the distribution 

networks to avoid exceeding the overload and overvoltage limits. The reason for adding a safety 

margin is, in one way or the other, always related to uncertainties. The component outages are 

often the main uncertainty that will matter in such a case, requiring a backup supply. Other 

uncertainties may also play a role—for example, uncertainties in consumption patterns and 

future consumption growth. This work mainly addresses the uncertainties associated with solar 

PV and EV charging. One such uncertainty is the number of customers that will install solar 

PV in the future. In the same way, the number of customers who will own EVs and charge 

simultaneously is such an uncertainty. These are so-called “epistemic uncertainties” [Chapter 

4 and appended Paper B]. 

. 
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There are other uncertainties, like ambient temperature and cloud cover, that impact solar power 

production. Next to these, there are daily and seasonal variations due to the earth's rotation 

around its axis and the sun. There are also daily, weekly and seasonal variations (and 

uncertainties in these) in consumption. All these (except for the positions of the sun) are 

aleatory uncertainties. 

Consider a distribution network with a given amount of “normal consumption”, a given amount 

of PV, and EV. The network should be able to cope with the maximum or a high percentile 

(e.g. 99.99%) of the net production and consumption. In other words, the voltage and current 

should remain within acceptable limits even during the annual peak or peaks in net production 

and net consumption. This is a basic planning problem, where there are multiple solutions. 

Whatever solution is selected, the basic condition of delivering power to the customers within 

the acceptable limits should always be fulfilled. If there were only aleatory uncertainties, this 

would be it. Once this “dimensioning loading” is known, there are well-developed rules to build 

a distribution network. This dimensioning loading is also referred to as “after-diversity 

maximum demand”, which is a high percentile value of the contribution per customer to the 

annual peak consumption 

Next to these aleatory uncertainties, there are epistemic uncertainties. Some examples were 

already mentioned before: location, size of PV and EV, number of customers with PV or EV, 

single-phase or three-phase PV connection or EV charging, and trends in the growth. This 

makes the annual peak a stochastic variable as well, with a probability distribution function. 

That function is not always known; in fact, it is rarely known in detail. But for the planning 

purpose, some kind of assumption on that distribution is needed. A hypothetical probability 

distribution function of the annual peak loading under epistemic uncertainties is shown in 

Figure 2-5.  

 

Figure 2-5: The expected future probability distribution showing the planning levels S1, S2, S3 and S4 (component 

highest loadability, undervoltage and overvoltage). 

The PDF of the annual peak (the maximum or 99.99% of the loading under aleatory 

uncertainties) is shown in Figure 2-5. Whereas the maximum or a high percentile is used to 

cover the aleatory uncertainties, such is not the case for epistemic uncertainties. The planning 

risk is defined as the percentile of the “epistemic PDF” that one accepts to be exceeded during 
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the planning of the distribution network. There is a whole distribution of values, shown in 

Figure 2-5, instead of just one single value for the annual peak load. The distribution network 

planner has to pick one value. A 10% planning risk means that the 90th percentile is picked. 

Once that value is picked, it is again “business as usual” to build the distribution network. Four 

future planning levels are shown in Figure 2-5. The levels are S1, S2, S3 and S4. DSOs should 

guarantee a reliable supply of power, which must include future scenarios. Which of the four 

planning levels is needed is a decision to consider in the planning. The planning levels S1 to 

S4 are: 

 S1 level: Keep the risk of stranded assets small and keep the investment costs low, but 

there is a high risk (like 90%) that the distribution network will not cope with the 

demand. The planning risk is high. The consequences of insufficient investments will 

determine if this is a good choice. The consequence can be that a new customer has to 

wait for a connection. Can it also result in tripping of PV and EV charging or 

transformer overload resulting in regular interruptions? 

 S2 level: There are equal risks on both sides. There can be a considerable investment 

saving than S3 and S4, but the design can also be considerably more expensive than S1.  

 S3 level: About 10% planning risk is taken for the distribution network. The value is an 

example of what has been applied in this work for the stochastic approach considering 

overvoltage with solar PV and undervoltage with EV charging. 

 S4 level: Small planning risk is applied. The high penetration of solar PV and EV 

charging in a distribution network could be reached without setting up a barrier. Such a 

low planning risk could result when the network operator (DSO) would have to be fully 

prepared for solar PV or EV charging. It is an expensive option with a probability of 

large stranded assets in the distribution network. 

The choice of planning risk needs a balance between the costs of investment and the costs of 

exceeding the power quality limits. The resulting choice can strongly depend on the political 

environment, including economic incentives and regulation. The actual choice can also become 

very political, as society carries the risks for a regulated monopoly, in this case, distribution 

network operation. 
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3 DIFFERENT HOSTING CAPACITY METHODS 

This chapter summarises the three different types of hosting capacity methods: deterministic, 

stochastic and time-series methods.  

The hosting capacity approach, in general, involves four recommended steps. These four steps, 

in the general concept, are shown in Figure 3-1. 

 

Figure 3-1: The general concept of the hosting capacity estimation. 

The first step involves selecting a phenomenon and one of more performance indices; 

overvoltage and overloading, for example, as phenomena. The performance indices/index can 

be one that is specified in a national or international standard. For example, EN50160 applied 

for overvoltage, IEEE 1366 for reliability, IEC 61000-4-15 for voltage fluctuations or IEC 

6100-4-30 for voltage dips and swells. Alternatively, a grid-owner specific performance index 

can be applied. Secondly, a suitable limit should be selected, and a method should be 

determined to calculate the value of the index. In this work, the third step involves calculating 

the PI as the function of the amount of new production (solar PV). The last and fourth step is 

to obtain the hosting capacity as the highest amount of solar PV for which the index is less than 

the limit. The different hosting capacity methods are built on these four steps, but apart from 

that, the user is free to choose index, limit. This large freedom results in a large range of 

different methods. 

All the hosting capacity methods aim to establish the limit to solar PV power production in 

distribution networks. The limit of solar PV power is location dependent, feeder specific and 

time-varying. Hosting capacity can be estimated using three fundamentally different types of 

methods, namely [11, 36]: i) Time-series methods ii) Stochastic methods iii) Deterministic 

methods.  

3.1 DETERMINISTIC METHODS 
Deterministic methods are considered as the fundamental or primary method. The hosting 

capacity is estimated with a deterministic method considering that the input parameters are 

fixed and known. The models of the distribution networks and input parameters have single 

values that yield single output values. 

The size and location of the solar PV installations are assumed to be known. Deterministic 

methods enable DSOs to apply rules of thumbs (ROT) that are fixed and only based on 

distribution grid parameters [27]. The deterministic methods do not consider any uncertainties 

in the input variables. As there are uncertainties always, a certain value should be selected. That 

is the main limitation of the method. 

3.2 STOCHASTIC METHODS 
Stochastic methods consider uncertainties in input variables by applying probability 

distribution functions (pdfs) instead of fixed values for the input data. The models built under 
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the approaches incorporate a range of possible future outcomes due to a range in values for the 

input variations. There is uncertainty in which of the possible future outcomes will actually 

occur. The randomness associated with the method gives rise to the term “stochastic”. 

The uncertainties associated with the hosting capacity estimation fall into aleatory and 

epistemic uncertainties. An example of aleatory uncertainties involves the amount of solar 

power production injected into the grid at a certain time. This amount varies with the sun 

position and weather patterns around the globe. One example of epistemic uncertainties is the 

phase to which a single-phase unit will be connected in future. 

3.3 TIME-SERIES METHODS 
Time-series methods (also known as quasi-dynamic methods) utilise time series from either 

measurements or simulations. Using time series for multiple variables, especially those 

obtained from synchronized measurements, can include the coincidence of changes affecting 

several parameters and interactions between parameters. Time-series methods can be said to be 

a special type of deterministic method [12], but the difference in data needs makes them best 

treated as a separate type of method.  

The utilisation of the times-series method means the need for data to be available over long 

time measurements for a successful application. Smart meters are on the increase, and data is 

available with most DSOs. What remains a challenge is making the data available to researchers 

and academicians. 

To study some of the needs of the time-series method successfully, there is need for a high-

resolution data. Having high-resolution data over a long time presents a first challenge for the 

method, which, when implemented, leads to high computational demand. This computational 

burden requires a trade-off between the cost of having an excellent computational system to 

execute the time-series method or applying less demanding methods with less accuracy. 

3.4 APPLICATION OF METHODS 
 A number of criteria and challenges determine which method is suitable for a specific 

application. The hosting capacity value is an estimate. One needs to establish what level of 

accuracy must be obtained. Among the three methods, one of them will be appropriate to yield 

the accuracy desired. Another criterion is the need and availability of the input data. Each 

method has the required data for a successful implementation. For example, detailed time series 

data with high resolution is needed for time-series methods. The available data will guide on 

which method to apply and the next phase of the application.  

Two different types of hosting capacity estimation should be distinguished: for an 

interconnection or planning purpose. 

If interconnection is needed, the hosting capacity is estimated for a few or one installation. This 

type of hosting capacity estimation is associated with the screening to determine whether 

customers can connect an installation at a particular location. There are known technical details 

about those installations. Any of the three methods are applicable, but deterministic methods 

are often used as there is limited epistemic uncertainty. 
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For planning purposes, the situation is different, and little information is available for future 

installations. Technical details and other properties are most often unknown. Since most of the 

details are not known, the planning purpose favours applying stochastic and time-series 

methods more than deterministic methods. Application of deterministic methods can lead to 

either overestimation or underestimation of the hosting capacity. 
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4 STOCHASTIC HC FOR SOLAR PV-OVERVOLTAGE 

This chapter presents a stochastic approach for hosting-capacity estimation applied to solar 

PV and considering the overvoltage phenomenon. Important results and some discussions are 

also provided. 

4.1 STOCHASTIC APPROACH 
The aleatory and epistemic uncertainties are combined in the stochastic approach resulting in a 

probability distribution function of the voltage magnitude rise due to solar PV. A high 

percentile of this distribution function is compared with a performance limit to calculate the 

hosting capacity. Solar PV production will be highest during the sunny hours of the day and 

year defined in appended Paper B and Paper C as the ToD and ToY. The likelihood of 

overvoltages occurring is highest during the defined ToD and ToY of the location. The aleatory 

uncertainties, which are the solar PV production, customers' minimum consumption and the 

background voltage, are considered for the ToD and ToY only. An example of the ToD 

considered for a 2.5 kW solar PV power production for a town in Northern Sweden is shown 

in Figure 4-1.  

 

Figure 4-1: Solar PV power production (In red) for a system located in Northern Sweden for a day in April. The 

minimum customers' power consumption is also shown in blue, and the ToD hours considered (10 am – 2 pm) in 

black applied for the stochastic approach. 

In Section 2.1, the highest power production of the year was around noon in April for one of 

the three locations. The power production for that day is shown in Figure 4-1. During such a 

cloudless sunny day (ToD hours), as shown in Figure 4-1, the highest solar PV power 

production from solar PV in a distribution network is expected. What is important for 

estimating the risk of overvoltage, next to the highest production, is the highest background 

voltage and lowest minimum consumption [37]. In the presence of these three factors described, 

the largest voltage rise will occur. In Section 2.4, this is referred to as the “annual peak”; the 

probability distribution of this annual peak, due to epistemic uncertainties, together with a 

planning risk, is used to estimate the hosting capacity. 
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𝑈(𝑎) =  𝑈0(𝑎) + ∑ 𝑍𝑡𝑟

𝑁𝑐𝑢𝑠𝑡

𝑏 =1
(𝑎, 𝑏) × {𝐼𝑃𝑉(𝑏) − 𝐼𝑐𝑜𝑛𝑠(𝑏)} (4-3) 

      

 

 

    

  

  

  Where  𝐼𝑐𝑜𝑛𝑠(𝑏)  is the current consumption at location-b  and  𝐼𝑃𝑉(𝑏)  is  solar PV unit  current

injection at location-b.

Equation  (4-3)  is  applied  to  obtain  the  voltages  in  the  distribution  network  due  to  solar

PV  power  injections  at  various  locations.  Monte  Carlo

simulation is used  with random values  for  𝑈0(𝑎),𝐼𝑃𝑉,  𝐼𝑐𝑜𝑛𝑠  and the locations at which  𝐼𝑃𝑉  net

is  zero  to obtain a probability distribution function of the voltage magnitude for each customer
location. A separate probability distribution function  is obtained for each customer's location.

Apart from the aleatory uncertainties, uncertainties are in the locations and number of

customers that will install solar PV in the future. The latter two are among the epistemic

uncertainties applied in this work. The epistemic uncertainties are knowledge-based and are

independent of the time aspect. Therefore, the ToD and ToY alone do not matter. However, the

epistemic uncertainties are still unknown when the hosting capacity is being estimated. In this

work, all possible locations are considered, with equal probabilities, for a given number of

customers with solar PV units. For single-phase, another epistemic uncertainty, it is assumed

that a customer can connect to any of the three phases with equal probabilities.

4.2 VOLTAGE CALCULATION

The transfer impedance connects the injected current due to solar PV and the voltage magnitude

when two locations are considered [26, 37, 38]. The resulting voltage rise caused by a solar PV

unit is calculated with equation (4-1).

∆𝑈(𝑎) = 𝑍𝑡𝑟𝑎𝑛𝑠 (𝑎, 𝑏) ⋅ 𝐼𝑃𝑉(𝑏) (4-1)

Where 𝑍𝑡𝑟𝑎𝑛𝑠 (𝑎, 𝑏) is the transfer impedance from location-a to location-b and 𝐼𝑃𝑉(𝑏) is the

current injected at location-b. The impedance is element ab of the transfer impedance matrix.

With multiple injected currents (either consumption or production) and multiple customer

locations at which the voltage is relevant, equation (4-1) can be extended to the matrix equation

shown in equation (4-2).

𝑈 = 𝑈0 + 𝑍𝑡𝑟𝑎𝑛𝑠 ⋅ (𝐼𝑃𝑉 − 𝐼𝑐𝑜𝑛𝑠) (4-2)

There is a voltage magnitude rise when a solar PV unit is at a customer location, as shown in

equation (4-1). This voltage rise will be the biggest at the customer location, but there will also

be a rise in voltage at other locations. The consumption will also cause a change in the voltage

magnitude, typically a drop. In the model used for the voltage calculation, a 'background

voltage' has been assumed (equal for all customers); this background voltage is the voltage

without any production or consumption (𝑈0). The change in the voltages, due to production and

consumption, at any location, is with reference to the background voltage as shown in equation

(4-2).

In a distribution network with installations of multiple solar PV units and consumption by all

customers, each contributes to the change voltage magnitude at a given location. The total

contribution is the superposition of all these changes on the 'background voltage'  {𝑈0  (𝑎)}  .  The

resulting  voltage is obtained using equation  (4-3)  [Appended  Paper B]  [26].
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4.2.1 Transfer Impedance Matrix 

The voltages and currents in a three-phase and 4-wire system (neutral included) are considered. 

The transfer impedance matrix is obtained by inverting the node admittance matrix for voltages 

and currents compared to the reference node.  The low-voltage distribution network’s source, 

transformer, overhead lines and cables impedances are used to build the node admittance matrix 

[37, 38]. In a three-phase four-wire system, the distribution network single-phase load is 

connected between any of the three phases and neutral. Three-phase loads are connected to the 

three phases. Taking two nodes (𝑁1 and 𝑁2), each with the three phases and neutral, the transfer 

impedance matrix is obtained by applying the equations linking the locations. For example, in 

a three-phase system of red-yellow-blue notation, the transfer impedance for the yellow phase-

neutral at node-1 to the yellow phase-neutral at node 2 for the voltages and currents of the two 

nodes is calculated using equation (4-4) [37].  

𝑍𝑌1𝑛1−𝑌2𝑛2 = 𝑍(𝑁𝑌2, 𝑁𝑌1) − 𝑍(𝑁𝑌2, 𝑁𝑛1) − 𝑍(𝑁𝑛1, 𝑁𝑌1) + 𝑍(𝑁𝑛2, 𝑁𝑛1) (4-4) 

    Where 𝑍𝑌1𝑛1−𝑌2𝑛2 is the transfer impedance between node-1 and node-2, 𝑁𝑌1 is the node-1 

sending-end yellow-phase, 𝑁𝑌2 is the node-2 receiving-end yellow-phase, 𝑁𝑛1 is the neutral at 

the sending-end node-1 and 𝑁𝑛2 is neutral at the receiving end of node-2.  

For the other phases and nodes, expressions similar to equation (4-4) can be formulated. In 

total, a matrix of order  4𝑁𝑛𝑜𝑑𝑒𝑠 × 4𝑁𝑛𝑜𝑑𝑒𝑠  is obtained for the three phases and neutral where 

𝑁𝑛𝑜𝑑𝑒𝑠  the number of buses or nodes for a distribution network is.  

The modelling of the input impedances of a distribution network is done using the phase-

impedance (𝑍𝑝ℎ) and neutral impedance (𝑍𝑛) [38, 39]. The phase-impedance is the same as the 

neutral in a four-core cable used for a distribution network. The neutral used as an external 

cable for a three-core cable can be different. In that case, the neutral-impedance will have 

different values than the phase-impedance.  

4.3 UNCERTAINTIES’ MODELS  
A Monte-Carlo simulation is used to obtain the probability distribution function of the voltage 

during the relevant sunny hours of the year, including both types of uncertainties. See Section 

2.4 for a discussion on the meaning of this distribution. 

The two types of uncertainties are aleatory and epistemic. The aleatory uncertainties are 

intrinsic or natural randomness in a variable. There are inherited random behaviour or 

variability. The epistemic uncertainties are due to the lack of knowledge or information in a 

variable. At times, the epistemic uncertainties are also referred to as ‘systematic uncertainties’ 

[40-42].  

Building up the models for the two uncertainties starts with identifying and distinguishing one 

type of uncertainty from another. For example, the aleatory uncertainties are represented by a 

class of outcomes whose prediction of the expected values is based on the tendency of events 

[41-47]. The modelling and interpretation of aleatory uncertainties are made using the 

application of probabilistic theory. The epistemic uncertainties are based on the measure of 
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confidence, belief or evidence of the occurrence. The lack of knowledge is reducible with the 

variable's concrete trends, cause or facts [41-47]. A longer time is needed to obtain data from 

events (past) for the variable [42, 44, 48, 49]. It is possible to use an extrapolation of the 

information available from past and present to estimate the future. The detailed modelling of 

epistemic uncertainties can be done using interval analysis, possibilistic and evidence theory. 

In addition, identification is important in ascertaining and determining the epistemic 

uncertainty that has a dominating influence. Once the dominant one is identified, it can help in 

the measures that need to be taken to increase the hosting capacity in a distribution network. 

Additional information can be collected for the dominant epistemic uncertainties to estimate 

the hosting capacity better.  

Examples of epistemic uncertainties are the number of solar PV customers, the solar PV size, 

type, tilt and tilt direction (Azimuth), and phase connection (if single-phase). The epistemic 

stochastic models used in this work are:  

 The peak solar PV size was considered fixed. There were calculations done for different 

PV sizes considering the ratio range for production). 

 The same probability of installing solar PV was assumed for all customers. 

 The interval range of the number of customers with solar PV was taken. A possibility 

of one customer with solar PV to the total number of customers with solar PV was 

considered. 

 Equal probability was taken to connect a single-phase unit to any of the three-phase. A 

customer with a single-phase unit has the possibility to can connect to any of the three 

phases. 

The examples of aleatory uncertainties in this work are the background voltage, solar PV power 

production, and the minimum consumption. The probability distribution functions (pdfs) used 

in this work are: 

 The pdfs of the maximum production per installation, given the installed capacity.  

 The pdf of the lowest consumption per customer and phase. 

 The pdf of the highest background voltage during the ToD of the ToY. The distribution 

here is for the worse-case during the ToD of the ToY considered. 

Different probability distribution functions (pdfs) have been used in this work for the aleatory 

uncertainties. In [24], other pdfs characterised the aleatory uncertainty of background voltage 

measurements. The empirical information of their probability distribution was obtained from 

the measurements. The ability to obtain information from measurements is an essential property 

of aleatory uncertainties. It was also shown in [24] that different pdfs of the aleatory 

uncertainty, background voltage, does not impact the results. It is the values that impact the 

estimated hosting capacity. 

4.4 VOLTAGE CALCULATION-SOURCE IMPEDANCE COMPARISON 
The voltage calculation of the model shown in Section 4.3 was compared with the results from 

standard commercial software (NETBAS) used by some DSOs in Sweden. The comparison is 

to verify the source impedance built for the voltage calculation part of the stochastic model. 
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4.4.1 Studied Distribution Network 

The distribution network applied for the verification study is the one used in [50]. It is referred 

to as Network 3 in [50]. The arrangement of the customers is shown in Figure 4-2. 

 

Figure 4-2: Distribution network with 10-customers used for voltage calculation verification [50]. 

The network in Figure 4-2 has ten customers connected downstream and is supplied through a 

100 kVA transformer and an impedance of 4.4%. The distribution network is part of a 

concession area (10 kV) supplied through a 10/0.4 kV transformer. The short circuit impedance 

data for each customer is shown in Table 1 of [50]. The data for the distribution network was 

obtained and modelled in Matlab. 

4.4.2 Source impedance comparisons 

The first step was comparing the source impedance obtained from Matlab for the network 

shown in Figure 4-2. As described in Section 4.2 and [26] [Appended Paper B], the network 

was modelled for voltage calculation. The source impedance was obtained from the model. In 

addition, values of source impedance for the distribution network were also obtained from 

NETBAS. The results from the two calculation tools are shown in Figure 4-3. 
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Figure 4-3: The source resistance and reactance (mΩ) for the 10-customers distribution network obtained from 

Matlab Model and NETBAS commercial software model. 

The results in Figure 4-3 show that there are some differences, but small. The resistance values 

obtained from Matlab were larger than from NETBAS. The source resistance differs by 12 mΩ 

on average. The source reactance values from Matlab were smaller than those from NETBAS. 

On average, the difference was 6 mΩ. The difference in source resistance (12 mΩ) will give a 

difference of 130 mV for a three-phase injected power equal to 9 kW. The Matlab voltage rise 

will be somewhat higher, resulting in a slight underestimation of the hosting capacity. 

4.5 SINGLE-PHASE AND THREE-PHASE HOSTING CAPACITIES 
Single-phase and three-phase hosting capacity has been estimated for three distribution 

networks. Details of the approach, the application, and all the parameters are given in [26] 

[Appended Paper B]. The 90th percentile is used as the planning risk, and the overvoltage limit 

of 110% has been used. How to obtain the hosting capacity is explained and shown in Section 

4 of [26] [Appended Paper B]. 

Solar PV sizes of 1.8 to 9 kW with solar power injections of 0.7-0.95 of the rated size have 

been applied for single-phase installations. Solar PV sizes of 1.8 to 24 kW for three-phase units 

and solar power injection between 0.7-0.95 of the rated size. The results for single-phase and 

three-phase, some given in [26] [Appended Paper B], are shown in Figure 4-4. 

 

 

Figure 4-4: Single-phase and three-phase hosting capacity in the percentage of the total number of customers, for 

the 83-customers, 38-customers and 55-customers distribution networks. 

The hosting capacity in Figure 4-4 is calculated as a percentage ratio of the number of 

customers with solar PV to the total number of customers below the acceptable overvoltage 

limit and planning risk considered. The overvoltage limit to not exceed is 110 %, and the 

planning risk is the 90th percentile worst-case voltage magnitude values at a particular solar PV 

size [Appended Paper B].  

Consider small units with sizes up to 3 kW, which are either singe-phase or three-phase. The 

single-phase hosting capacities for the 83-customers distribution network varies from 100% to 
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72%. It was a variation from 100% to 76% for the 38-customers distribution network and from 

100% to 87% of the 55-customers distribution network. For three-phase units, it is 100% for 

all the distribution networks. In Sweden, the recommendation for three-phase units is made 

above 3 kW. It is observed that all the customers can have either single-phase or three-phase 

units without many customers exceeding the overvoltage limit. More than two-thirds of the 

customers can be allowed to install single-phase solar PV units. Three-phase hosting capacity 

is from 1.2 to 1.4 times that of single-phase value for 3 kW size. 

Above 3 kW, three-phase solar PV units hosting capacities are higher than those for single-

phase units for all three distribution networks. The single-phase hosting capacities decrease at 

a faster rate than the three-phase ones. The rates of decrease are different for the three 

distribution networks. A difference in the electrical strength of the customers and the overall 

network account for the differences. It is observed that the customers in the distribution 

networks can install and connect large units if they select three-phase units than single-phase. 
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5 STOCHASTIC HC FOR SOLAR PV-OVERLOAD 

This chapter introduces a stochastic approach to hosting-capacity calculations applied to solar 

PV and considering the overload phenomenon. Important results and some discussions are also 

provided. This approach and the application are described in detail in Paper E. 

5.1 INTRODUCTION OF OVERLOAD HC CONCEPT 
The loadability of components in the medium and low-voltage (MV & LV) distribution 

networks limits the amount of solar power production connected to those networks. The 

loadability of the components will determine the maximum net production (downstream 

production minus downstream consumption). Together with the downstream consumption 

during the ToD and ToY, this determines the amount of installed solar power that is possible 

without component overload. The limit to installed capacity is a possible definition of hosting 

capacity. This deterministic hosting capacity can be given per component, for example, for a 

distribution transformer or per downstream customer. The hosting capacity per downstream 

customer is equal to the hosting capacity for the component divided by the number of 

downstream customers. 

An alternative to this is shown in Figure 5-1; this approach is more convenient for time-series 

methods. The highest loading of a component (like a transformer or a cable) is calculated as a 

function of the installed solar PV capacity downstream of the component. When using a time-

series method, time series are obtained for consumption (fixed) and production (increasing 

installed capacity). That was done in [51], for example. A stylized version of the typical results 

is shown in Figure 5-1. 

 

Figure 5-1: The highest loading through a component in a distribution network due to solar PV power production. 

Points A, B, C and D illustrate the focal points of the changes occurring with the increasing 

amount of solar photovoltaic power production. Line AB shows a small gradual drop in the 

highest loading as the amount of solar power increases. The amount of drop depends on the 

kind of consumption. When the downstream load is predominantly domestic, the peak 

consumption will occur during winter evenings, and the reduction will be small. For office load, 

peak consumption will occur during working hours, and solar power can significantly reduce 
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between points A and B. At point B, the local consumption of the customers is met. Beyond 

point B, the component loading increases with an increasing amount of installed capacity. 

Reference [52] introduces a “first hosting capacity” as the installed capacity for which the 

highest component loading equals the highest component loading without PV. This point is 

often very close to the knee point (B). At point C, the highest component loading equals its 

loadability, and beyond point C, the component will be overloaded. The installed capacity 

corresponding to point C is the hosting capacity. In the region ABC, the grid performance 

improves, or there is acceptable deterioration. Beyond point C, there is an unacceptable 

deterioration in distribution network performance [52].  

5.2 TRANSFORMER CURRENT DISTRIBUTION  
The number of customers with a new generation in distribution networks will alter the loading. 

The loading distribution in a transformer with an increasing level of solar PV needs to be 

estimated. The main aim is to determine how close or far the limit is for the transformer for the 

highest solar PV contributions. There is a check of how the dimensioning loading introduced 

in Section 2.4 is impacted. Is there a risk of overloading? If the dimensioning loading is 

exceeded, there will be an interruption of power to the customers.  

A stochastic approach, similar to the voltage magnitude rise and hosting capacity approach in 

[26, 53], is applied to estimate the probability distribution of the changes in the dimensioning 

loading with the addition of solar PV at the customers in a distribution network. One of the 

transformers in Paper C and Paper E (appended), with 83-customers and a rating of 800 kVA, 

is used to estimate the loading. The number of customers with solar PV is varied from 13 to 83 

customers. Single-phase solar PV is used with a power injection of 6 kW. The consumption per 

customer is uniformly distributed with a range of 0-250W. The highest dimensioning loading 

(singe-phase) through the transformer as a probability distribution is shown in Figure 5-2. 

 

Figure 5-2: The highest loading probability distribution function through an 800 kVA distribution transformer 

with an increasing number of customers with single-phase 6 kW solar PV from 13 customers to 83 customers. 

100% of the rating is used as the limit of the transformer. 

The results show the changes in the distribution of the currents. At a penetration of 13 customers 

with solar PV, the expected loading is lower than the 100% limit taken. An increase in the 

number of customers with solar PV shows an increase in the transformer’s expected loading. 
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At the penetration lower than 100% but larger than 13 customers, the loading continue to 

increase.  The illustration shows that the addition of solar PV will cause an increase in the 

expected loading value. There is an increased likelihood of exceeding the dimensioning loading 

limit introduced in Section 2.4 for the transformer. There should be consideration of the 

different possible ratings during planning to reduce the risk of overloading. In this example, the 

100% loading limit was considered.  

A stochastic model to estimate the probability of exceeding the overload is presented in Section 

5.3. It is applied to transformers and a 12 kWp three-phase solar PV. 

5.3 OVERLOAD STOCHASTIC MODEL 
In the previous chapter and Paper E (appended), the number of solar PV customers was 

considered as an epistemic uncertainty. Probability distributions for overvoltage and high 

percentiles of this distribution were calculated with the number of customers having solar PV 

as the independent variable. For the overload studies, the probability that a customer has solar 

PV installed is instead considered an epistemic uncertainty and used as an independent variable. 

Assuming that this probability is the same for all customers and that the presence of PV with a 

customer is independent of the presence with another customer, the number of customers with 

PV follows a binomial distribution. A binomial distribution is given with equation (5-1) [54]. 

𝑃 (𝑛) = (
𝑁

𝑛
) ∙ 𝑝𝑛 ∙ (1 − 𝑝)𝑁−𝑛 (5-1) 

     Where 𝑃(𝑛)  is the binomial probability, 𝑝   is the probability of success, 𝑁 is the total 

number of trials and 𝑛 is the specific outcome for the number of times within 𝑁. 

For a given component rating (for example, a transformer or a feeder cable) and a given 

minimum downstream consumption (𝑁𝑇𝑐𝑢𝑠𝑡 ) during the ToD and ToY, the deterministic 

hosting capacity (𝐻𝐶𝑑𝑒𝑡,𝑃𝑉) for this component can be determined. It can be done either by 

using a time-series method as illustrated in Figure 5-1 or by using an estimation of the following 

equation (5-2). 

𝐻𝐶𝑑𝑒𝑡,𝑃𝑉 =
𝑆𝑚𝑎𝑥 + 𝑆𝑐𝑜𝑛𝑠

𝑁𝑇𝑐𝑢𝑠𝑡
 (5-2) 

      Where 𝑆𝑚𝑎𝑥 is the maximum rating of the feeder cable or transformer and 𝑆𝑐𝑜𝑛𝑠  is the 

aggregated downstream customers. 

From this expression (5-2), the number of customers that can be connected before the 

loadability is exceeded is obtained (𝑛𝑚𝑎𝑥,𝑃𝑉), assuming that the PV size per customer (𝑃𝑃𝑉) is 

known and the same for all customers. 

𝑛𝑚𝑎𝑥,𝑃𝑉 =
𝑆𝑚𝑎𝑥 + 𝑆𝑐𝑜𝑛𝑠

𝑃𝑃𝑉
 (5-3) 

     Where 𝑆𝑚𝑎𝑥 is the maximum rating of the feeder cable or transformer and 𝑆𝑐𝑜𝑛𝑠  is the 

aggregated downstream consumption. 

The probability of exceeded loadability can be calculated using equation (5-4) applying the 

binomial distribution presented in equation (5-1) [55, 56]. 
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Pr{𝑋 > 𝑛𝑚𝑎𝑥,𝑃𝑉} = ∑ 𝑃~𝑏𝑖𝑛(𝑛, 𝑝)

𝑁𝑇𝑐𝑢𝑠𝑡

𝑛=𝑛𝑚𝑎𝑥,𝑃𝑉+1

 (5-4) 

        Where 𝑁𝑇𝑐𝑢𝑠𝑡  is the total number of customers connected to a transformer,  𝑛𝑚𝑎𝑥,𝑃𝑉  is 

the maximum allowable number of customers that can install solar PV in the future before the 

loadability is exceeded, and 𝑝 is the probability for each customer to install solar PV. 

The results for the application of the model are given in Section 5.4. 

5.4 OVERLOAD HOSTING CAPACITY RESULTS 
The approach presented in the previous section is applied to transformers used in appended 

Paper E and [24, 57]. A fixed value of installed capacity is assumed for those customers that 

install PV. A range of values for this installed capacity has been used in appended Paper E; in 

this section, a 12 kW solar PV value is used to illustrate the method. The method has been 

applied to 208 distribution transformers. 

As a first step, the maximum number of customers with PV units of a given size (𝑛𝑚𝑎𝑥,𝑃𝑉) 

before the loadability is exceeded obtained by applying equation (5-2). If this value is higher 

than the number of customers downstream of the transformer, the transformer will not be 

overloaded, and no further calculations are made. When the value is less than the number of 

transformers connected to the transformer, then overloading is possible. After that, equation 

(5-4) is applied for a range of values of a customer's probability of installing solar PV.  The 

results are given in Figure 5-3 as a function of the probability that a customer installs solar PV. 

 

Figure 5-3: The probability of exceeding the maximum allowable number of customers for 208 MV/LV distribution 

transformers and 12 kW solar PV size as a function of the probability of a customer installing solar PV. 

Figure 5-3 shows that, for the same probability that customers install PV, different transformers 

have somewhat different probabilities of exceeding the loadability.  

The red dotted line shows a 10% probability of exceeding the loadability of the transformer. 

When such a 10% probability is accepted as a planning risk, a stochastic hosting capacity can 
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be calculated expressed as a value that a customer installs PV. From Figure 5.3, it follows that 

this hosting capacity varies between 0.1 and 0.9.  

The resulting hosting capacity (the values of the solar PV probability for which the loadability 

is exceeded equals 10%) is shown in Figure 5-4, as a function of the transformer rating. 

 

Figure 5-4: Stochastic hosting capacity for the transformers expressed as PV probability (left subplot) and (light 

subplot) expected number taking a 10% risk of overload. 

The stochastic hosting capacity in Figure 5-4 ranges from about 0.1 to almost 0.9. The right 

plot presents the hosting capacity in yet another way. The hosting capacity in terms of the 

probability that a customer installs solar PV is multiplied by the number of customers 

downstream of the transformer. The resulting product is the expected number of customers to 

install PV. The expected number for the transformers is smaller than the deterministic hosting 

capacity obtained with equation (5-2). A relationship is created for the deterministic hosting 

capacity and the stochastic hosting capacity for the risk of 10%. The resulting relationship is 

shown in equation (5-5). 

𝐻𝑠𝑡𝑜𝑐ℎ(10%) = −2.10 + 0.93 ∙ 𝐻𝑑𝑒𝑡 (5-5) 

      Where 𝐻𝑠𝑡𝑜𝑐ℎ  is the stochastic hosting capacity and 𝐻𝑑𝑒𝑡  is the deterministic hosting 

capacity for the transformer. 

A 9 kW solar PV unit was used in Paper E, while a 12 kW was used in Figure 5-4. Comparing 

the expected number and probabilities, the values are lower than those for a 9 kW solar PV. A 

more cautious approach is needed when the average size of solar PV starts to increase in future. 

For the same ratings of the transformers and with more incentives, there is likely that customers 

will go for larger sizes. The spread of the common sizes for solar PV is between 5 and 15 kW. 

Additionally, a DSO can take up a different approach and consider a risk higher than 10%. As 

an illustration, different risks of overload are selected for results in Figure 5-3. Risk of 

overloads for 20% and 30% are taken in addition to the 10%. Similar to expression (5-5), the 

relationship between the deterministic and stochastic hosting capacity is obtained for the other 

two planning risks. Equations (5-6) and (5-7) shows the relationship that was obtained. 
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𝐻𝑠𝑡𝑜𝑐ℎ (20%) = −1.40 + 0.95 ∙ 𝐻𝑑𝑒𝑡 (5-6) 

 

𝐻𝑠𝑡𝑜𝑐ℎ (30%) = −0.85 + 0.97 ∙ 𝐻𝑑𝑒𝑡 (5-7) 

 The relationship for the three different planning risks of 10%, 20% and 30% shows that the 

deterministic hosting is the upper bound. The stochastic hosting capacity is less than the 

deterministic for the three planning risks but closer. The three equations show this; (5-5), (5-6) 

and (5-7). The stochastic hosting capacity will be closer or almost the same as deterministic for 

larger planning risk taken than the three taken. A deterministic hosting capacity would suffice 

if the DSO decided to take a larger risk of overload for the power system components during 

the distribution network planning. 
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6 HOSTING CAPACITY FOR EV CHARGING 

This chapter provides a stochastic approach for hosting capacity estimation applied to EV 

charging, important results and some discussions. 

A low-voltage distribution network with six customers and having electric vehicles (EV) 

charging is shown in Figure 6-1  

 

Figure 6-1: A low-voltage distribution network with 6-customers and their EV charging. 

The network shown in Figure 6-1 is an existing network in the Northern Swedish countryside. 

The technical details of the distribution network are given in [26, 58][Paper B, Paper F]. The 

assumption is that each customer will own one electric vehicle, which will be charging part of 

the time. The number of vehicles being charged simultaneously will thus vary between 0 and 

6. 

6.1 OVERLOAD HOSTING CAPACITY 

6.1.1 Problem Formulation 

The components in distribution networks will limit the number of electric vehicles that can 

charge simultaneously. When too many customers charge simultaneously, undervoltage and/or 

overload will occur. The loadability of a component defined a maximum number of 

downstream customers that can simultaneously charge their vehicle; this number of referred to 

as the hosting capacity. The concept behind overloading due to EV charging is shown in   Figure 

6-2. The equivalent figure for solar PV was shown in Figure 5-1. 
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Figure 6-2: The highest loading through a component in a distribution network due to EV charging. 

The loadability limit of the components is represented in Figure 6-2 by the horizontal dotted 

line. For increasing amounts of solar PV (Figure 5-1), the highest loading showed a small 

initial decrease, followed by an increase. For EV charging, the highest loading already increases 

for small amounts of charging. Points A1, A2 and A3 demonstrate the changes occurring due 

to electric vehicle charging power consumption in a distribution network. The three points 

correspond to no charging (A1), the highest permissible charging before the hosting capacity 

is exceeded (A2), and charging exceeding the hosting capacity (A3). The hosting capacity is 

quantified based on the likelihood of an overload, loading beyond the limit [52]. In the 

forthcoming sections, a number of methods for quantifying and estimating the hosting capacity 

are presented. 

The state of charge, driving cycles and arrival time home may influence when and how long 

EV charging will occur. Charging at home may happen anytime as it is not known precisely 

when the customer starts charging. For future charging, this is, to a large extent, an epistemic 

uncertainty. However, some information can be obtained from existing driving and charging 

patterns, making it also partly an aleatory uncertainty. The hosting-capacity approach can be 

applied, with limited assumption, without detailed knowledge of the charging patterns. 

The hosting capacity is estimated in appended Paper F during any time of the day, week or year. 

The impact will be more severe when more customers are charging simultaneously. EV 

charging increases the consumption for the customer connected to the distribution network. 

As a first step, the highest maximum consumption has been obtained for the customers 

downstream of the distribution transformer. Measurements and data from 309 distribution 

networks were applied from towns in Northern Sweden and County Västra Götaland. The 

maximum power consumption per customer (i.e. maximum per transformed divided by the 

number of downstream customers) was obtained from measurement data for 309 distribution 

transformers. The results obtained are shown in Figure 6-3. 
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Figure 6-3: The maximum power consumption per customer for 309 distribution transformers in Northern Sweden 

and Västra Götaland. 

The maximum power consumption per customer in Figure 6-3 varies between 2 kW and 10.7 

kW. The values obtained are applied together with the concepts in Sections 6.1.2 and 6.1.3 to 

estimate the hosting capacities for the transformers 

6.1.2 Deterministic Approach 

In the deterministic approach used here, the hosting capacity is reached when the peak value of 

the total consumption of all downstream customers equals to loadability of a component (cable, 

overhead line or transformer).  A sufficient condition to prevent overloading of the component 

is given by equation (6-1): 

 

    𝑆𝑚𝑎𝑥,𝑙𝑖𝑚𝑖𝑡 >  𝑆𝐸𝑉,𝑚𝑎𝑥 +  𝑆𝑐𝑜𝑛𝑠,𝑚𝑎𝑥 (6-1) 

 

       Where SEV, max is the maximum power demand for EV charging of the customers 

downstream, Scons, max is the maximum consumption of all downstream customers during the 

time of expected EV charging, and Smax, limit is the loadability of the component. In this section, 

the transformer will be considered, but the method can be applied in the same way for cables 

and overhead lines. 

EV charging hosting capacity, expressed in kW per customer, for a transformer with a number 

of downstream customers (𝑁𝑇𝐶𝑢𝑠𝑡) is estimated using equation (6-2). 

𝐻𝐶𝐸𝑉𝑝𝑒𝑟𝑐𝑢𝑠𝑡 =  
𝑆𝑚𝑎𝑥,𝑙𝑖𝑚𝑖𝑡 −  𝑆𝑐𝑜𝑛𝑠,𝑚𝑎𝑥

𝑁𝑇𝑐𝑢𝑠𝑡
 (6-2) 

Equation (6-2) results in the amount of EV charging that each customer can demand without 

the risk of transformer overloading. According to equations (6-1) and (6-2), the EV charging 

hosting capacity will be influenced by the highest power consumption when charging is 
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expected to take place ( as shown in Figure 6-3). According to equations (6-1) and (6-2), the 

resulting hosting capacity for the 309 transformers is shown in Figure 6-4. 

 

Figure 6-4: The EV hosting capacity per customer for the 309 MV/LV distribution transformers. 

The hosting capacity obtained, shown with the blue curve, in Figure 6-4 varies between 2 and 

102 kW per transformer per customer.  

In Figure 6-4, the horizontal red dashed line corresponds to a charging power of 6.9 kW per 

customer. The horizontal black dashed line corresponds to 11 kW charging power per customer. 

These are two commonly used charging sizes for domestic customers. If all the customers are 

considered to have these charging sizes and charge simultaneously, 44% and 74% of the 

transformers will be overloaded. For these transformers, not all customers can charge their EVs 

simultaneously. If all customers were to charge simultaneously, the transformer would be 

overloaded. A stochastic approach, considering the uncertainties, to estimate the hosting 

capacity is presented in Section 6.1.3. 

6.1.3 Stochastic Approach 

The stochastic approach has been applied for estimating the risk that the loadability is exceeded, 

i.e. the risk that an overload will occur. A stochastic approach is used to estimate the probability 

of exceeding the loading limit of the power system components by supposing that the 

probability that customers will have an EV and charge in future.  The number of customers 

with EVs and who will be charging at a particular time in future is not known; it is an epistemic 

uncertainty. In the approach used in Paper F, the probability that a customer will be charging 

is used as the independent variable. In the same way, as in Section 5.3 for solar PV, a binomial 

distribution is obtained for the number of vehicles being charged simultaneously. 

The first step is to obtain the maximum number of customers who can charge their vehicles 

simultaneously without the transformer overloading. The probability (Pr) that more than this 

number of customer charges simultaneously is obtained using equation (6-3) [55, 56]. 

Pr{𝑋 = 𝑛𝑚𝑎𝑥,𝐸𝑉} = 𝑃~𝑏𝑖𝑛(𝑛𝑚𝑎𝑥,𝐸𝑉 , 𝑝) (6-3) 
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      Where 𝑛𝑚𝑎𝑥,𝐸𝑉  the maximum allowable number of customers is with EV charging before 

the loading limit is exceeded, and 𝑝 is the probability for a customer to charge their EV. 

The power needed for EV charging in future is not known. It is an epistemic uncertainty. 

However, it can be assumed to obtain a limit in the deterministic hosting capacity based on 

trends or evidence. The deterministic hosting capacity in terms of the maximum number of 

customers that can charge (𝑛𝑚𝑎𝑥,𝐸𝑉) is estimated using equation (6-4). 

𝑛𝑚𝑎𝑥,𝐸𝑉 =  
𝑆𝑚𝑎𝑥,𝑙𝑖𝑚𝑖𝑡 −  𝑆𝑐𝑜𝑛𝑠,𝑚𝑎𝑥

𝑃𝐸𝑉
 (6-4) 

      Where PEV  is the EV charging power or size at the customer locations. 

The estimated value of the deterministic hosting capacity is the input to the stochastic approach. 

The customer’s EV charging success is described by equation (6-3). The probability that a 

customer’s EV is charging at his location is independent of what other customers are doing at 

a particular time of the day in a year. For the hosting capacity being exceeded, the probability 

is evaluated using equation (6-5). 

Pr{𝑋 > 𝑛𝑚𝑎𝑥,𝐸𝑉} = ∑ 𝑃~𝑏𝑖𝑛(𝑛, 𝑝)

𝑁𝑇𝑐𝑢𝑠𝑡

𝑛=𝑛𝑚𝑎𝑥,𝐸𝑉+1

 (6-5) 

        Where 𝑁𝑇𝑐𝑢𝑠𝑡  is the number of customers downstream of the transformer. 

The hosting capacity being exceeded is evaluated using equation (6-5). The results for the 

application to the transformers are given in Section 6.1.4. 

6.1.4 EV Stochastic overload hosting capacity 

Charging power of 6.9 kW three-phase is used to illustrate the stochastic approach for the 

overload of transformers. The deterministic hosting capacity is obtained using equation (6-4). 

The probability of each customer to charge the EV with 6.9 kW was varied for the 135 

transformers. The probabilities of exceeding the overload are estimated for each distribution 

transformer using equation (6-5). The results are shown in Figure 6-5. 
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Figure 6-5:The probability of exceeding the deterministic hosting capacity for 135 MV/LV distribution 

transformers when there is a possibility to charge an EV with 6.9 kW charging power as a function of the 

probability of a customer to charge to their EV. 

The probabilities of exceeding the hosting capacity differ for the 135 distribution transformers 

in Figure 6-5. Some distribution transformers have close to zero probabilities of exceeding the 

hosting capacity even at a 50% probability of a customer charging their EV. The differences in 

probability can be attributed to the number of customers downstream of the transformer and 

the deterministic hosting capacity from equation (6-4).  

A 20% risk of exceeding the transformer loadability, shown by the red dotted horizontal line in 

Figure 6-5, is taken to obtain the stochastic hosting capacity. The stochastic hosting is the 

highest probability that customers charge their EVs for which the probability of overload is less 

than a certain value, 20% in this case.  The results are shown in Figure 6-6. 

 

Figure 6-6: EV charging stochastic hosting capacity expressed as a probability against the MV/LV transformer 

size. 

The stochastic hosting capacity shows a range of various values even for the same transformer 

size. The stochastic hosting capacity is between 0.2 and 1, almost independent of the 

transformer size.  

The hosting capacity is obtained in another way. The probability that a customer charge their 

EV is multiplied by the number of customers connected to a transformer. The product is the 

expected number of customers that can charge their EV. The results are shown in Figure 6-7. 
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Figure 6-7: EV charging stochastic hosting capacity expressed as the expected number of customers allowable 

who can charge. 

The stochastic hosting capacity as the expected number, in Figure 6-7, shows a close to linear 

relation with the transformer size. An approximated linear relationship can also be obtained 

between the stochastic hosting capacity and the deterministic hosting capacity. Such a 

relationship can be used as a rule of thumb or guide to estimate the stochastic hosting capacity.  

 

Figure 6-8: Comparison of the stochastic hosting capacities considering three different risks of overload for the 

transformers. 

The 10% and 30% risks are used to calculate the stochastic hosting capacity in terms of 

probabilities. These are other values of the planning risk. The results are shown in Figure 6-8. 

There is a slight shift upwards, but no clear trend. The range of values for a 10% and 30% 

planning risk are fairly similar.   

Apart from the overload, the undervoltage will be another challenge that has to be considered. 

The concept of addressing the undervoltage risk using a stochastic approach is presented in 

Section 6.2. 
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6.2 STOCHASTIC HOSTING CAPACITY-UNDERVOLTAGE 

6.2.1 Overview of the method used 

The stochastic approach considering undervoltage is applied as described in appended Paper F. 

The approach, adapted from the method in appended Paper B [26], obtains the probability 

distribution function (pdf) of the worst-case undervoltage. The probability distribution of the 

aleatory uncertainties is considered for the periods when there is high EV charging. This is 

when many customers are charging simultaneously. Combining the lowest background voltage 

and high customer consumption presents a high risk of undervoltage. 

The number of customers that will own EVs, their charging location and their charging pattern 

is all epistemic uncertainties. It is assumed that all locations are equally likely to have EV 

charging, and an interval range of customers charging simultaneously are assumed to evaluate 

the hosting capacity due to undervoltage. 

The influence of simultaneous EV charging on the voltage is calculated using equation (6-6). 

It is formulated by adapting the voltage magnitude calculation method in three low-voltage 

networks with a contribution of solar PV in [26],  

U(a) = 𝑈0(a) +  ∑ 𝑍𝑡𝑟𝑎𝑛𝑓(a, b) × (−𝐼𝑐𝑜𝑛𝑠𝐶(b) − 𝐼𝐸𝑉

NTcust

b=1

(b)) (6-6) 

      Where 𝑈0(a) is the lowest background voltage, 𝑍𝑡𝑟𝑎𝑛𝑠𝑓(a, b) is the transfer impedance, 

IconsC(b) is the current at the customer during the highest consumption and 𝐼𝐸𝑉(b) is the 

current due to EV charging.   

Equation (6-6) is used in this study to obtain the probability distribution of the lowest voltage 

due to EV charging. The obtained voltage is the worst-case undervoltage distribution for the 

customers.  

6.2.2 6-Customers Distribution Network Estimation 

A low-voltage distribution network with six customers is used to estimate the EV charging 

hosting capacity considering the undervoltage phenomenon. The method used is the one 

described in Section 6.2 of this work and appended Paper F. Single-phase and three-phase EV 

charging corresponding to 10, 16, 20, 25, 35, 40, 50 and 63 A are studied. The input parameters 

are: 

 The background voltage applied was modelled as a uniform distribution over the range 

of 230-234 V. 

 The customers’ highest consumption was modelled as a uniform distribution over the 

range of 1500-3000 W.  

 Single-phase charging powers of 2300 W, 3680 W, 4600 W, 5750 W, 8050 W, 9200 

W, 11500 W, 14490 W were considered. 

 Three-phase charging powers of 6900 W, 11040 W, 13800 W, 17250 W, 24150 W, 

27600 W, 34500 W, 43470 W were considered. 
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The 10th percentile of the undervoltage distribution obtained for the 6-customer distribution 

network is shown in Figure 6-9. The undervoltage limit, 90% of nominal, is indicated as a red 

dashed line. 

 

Figure 6-9: The 10th percentile of the lowest voltages as the function of the number of customers with EV chargers 

and charging at any time of the day for 10, 16 and 20 A charging current. 

Figure 6-9 shows the changes as the number of customers and EV charging power increases. 

The results for the other charging currents are shown in Table 6.1. 

Table 6.1: Number of customers allowable for single-phase and three-phase EV charging in the 6-customers 

distribution network. 

Charging current (A) 
Number of customers  

(Single-phase chargers) 

Number of customers  

(Three-phase chargers) 

25 2 4 

35 0 3 

40 0 2 

50 0 1 

63 0 0 

 

The results show that all the customers (six) voltage values are above the undervoltage limit 

for 10-A charging. The voltage decrease is within acceptable levels. This holds for both single-

phase and three-phase charging. With increasing charging power, three-phase charging has a 

higher hosting capacity than single-phase charging, for the same charging current per phase. At 

16A charging current, all customers with three-phase charging can charge simultaneously 

without violating the undervoltage limit. At a charging power need of 50A in Table 6.1, one of 

the customers can charge, provided no other customer is charging, irrespective of where they 

are located. The charging power need of such magnitude can be compared to the need for fast-

charging stations. 
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7 FINDINGS, RECOMMENDATIONS AND DISCUSSIONS  

This chapter builds on the contributions presented in Chapter one- Section 1.5. It provides the 

in-depth findings, discussions and recommendations of the papers that make up this work. 

7.1  PAPER A 

7.1.1 Findings from Paper A 

Three distinct approaches have been identified to estimate the hosting capacity: deterministic, 

stochastic, and time-series approaches. The stochastic approach is also referred to as the 

“probabilistic approach”. All three approaches can generally be applied for estimating the 

hosting capacity. It is not possible to point at one approach as being the most suitable among 

the three. 

It was found that the input data needed and the level of details in the model needed for each of 

the three types of methods is different. For example, historic or measured data with the 

appropriate resolution is needed for time-series methods, while deterministic methods do not 

need such data. Furthermore, the cable, overhead lines, customer or inverter models will not be 

the same for the different methods.  

It was also found that overvoltage and thermal overload are the most assessed phenomena in 

the reviewed publications. The main interest among the research community is in developing 

and applying methods for calculating the hosting capacity when these two phenomena set the 

limit.  

Furthermore, it was found that there are two types of uncertainties associated with solar PV 

integration studies. These two types’ informally referred to by our team as certain uncertainties, 

and uncertain uncertainties are formally known as aleatory and epistemic uncertainties. The 

terms have been used in risk analysis. It was also found that the uncertainties can be modelled 

using probabilistic methods, interval-based analysis, robust optimisation, hybrid probabilistic 

and possibilistic methods, information gap decision theory and possibilistic methods. 

7.1.2 Discussions from Paper A 

Different hosting-capacity studies require different estimation methods; the method to be used 

depends on the available information and the application of the results from the study. 

Examples of this are, among others, shown in appended Paper E, where different methods are 

used based on whether the number of customers with solar PV or the probability of a customer 

installing PV is used as input. Some of the factors that need to be included in the decision to 

decide for a method in a practical application are:  

 Planning for future growth of solar PV or connection of a single installation. Single 

installation is basically a unit location screening for a connection request.  

 The required accuracy of the hosting capacity estimation;  

 Computation time available;  

 Data available and time available to collect data;  

 The uncertainties that should be included;  

 Time variations (daily, weekly, seasonal, and long-term trends) that should be included. 
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The methods reviewed in this paper all show advantages and disadvantages. The deterministic 

approach provides a fundamental method to estimate the hosting capacity. Further on, the 

application of stochastic and time-series presents strengths that eliminate some of the 

weaknesses of the deterministic methods. On the other hand, stochastic and time-series methods 

are more time consuming, in their implementation, in the execution of the calculations, in the 

interpretation of the results, and the data collection. Furthermore, epistemic uncertainties may 

make that those more time-consuming methods, in the end, do not result in more information 

for making a planning decision than a fast deterministic method. The time-series methods 

include the time correlations between customer power consumption and solar power 

production. Such a method also includes additional correlations, for example, when different 

types of new production are expected or when solar power and electric-vehicle charging are 

considered for the distribution-system planning. Most implementations of stochastic methods 

do not capture the time-dependency in as much detail as time-series methods. It is, in theory, 

possible to use a stochastic model for generating the time series. Such a “stochastic time-series 

method” would be more complicated and more time consuming on all four aspects. The 

limitations mentioned above, set by the epistemic uncertainties, make there may be limited gain 

in additional information for planning decisions. 

The above reasoning should not be interpreted as concluding that there is no need for anything 

more than a deterministic method for estimating the hosting capacity. In many cases, having 

additional input data available and using more detailed (deterministic, stochastic and/or time-

series) methods does provide additional and/or more accurate information for planning 

decisions. Some examples of this are shown in the other papers. A specific application, where 

this holds, is the planning decision on which low-voltage networks should improve first to limit 

the risk of overvoltage and/or overloading (as shown in appended Paper E). Another example 

is the conclusion from appended Paper B that three-phase connections are recommended above 

single-phase connections. In both cases, more detailed models and more accurate input data 

will allow for a better decision. The development of “stochastic time series methods” is an 

important next step here. 

More experience is needed in the interpretation of the results from time-series and stochastic 

methods. Such experience can only be obtained by the continued development and application 

of such methods. 

7.1.3 Recommendations from Paper A 

Much of the work on hosting-capacity calculations by the research community has been 

directed towards overvoltage and thermal overload phenomena. It is recommended that 

hosting-capacity methods be developed for other phenomena to obtain experience with them 

and see how much they limit the hosting capacity. One such phenomenon is harmonic 

waveform distortion. The harmonic emission from solar PV installations will affect the power 

quality and the operation of devices connected to the distribution networks. The hosting 

capacity can be estimated using models for propagation and aggregation of harmonics, together 

with appropriate performance indicators and limits. 

Within the three distinctively different methods framework, researchers globally have made 

improvements to the existing methods to eliminate some of their disadvantages. It is 

recommended that the most promising of the proposed methods be applied to many distribution 



On the hosting capacity of distribution networks for solar power  

53 

 

networks to show their actual worth to the research community and power industry. Those 

distribution networks should be existing ones covering many countries. 

The existence of two types of uncertainties associated with solar PV integration presents the 

need to include both in hosting-capacity studies. It is recommended that new stochastic models 

and methods include the two uncertainties into a single model. The research community must 

develop models for both uncertainties, as was shown in appended Paper B. 

The development of “stochastic time-series methods” is an important step in the improvements 

of the methods. Two important steps are needed to make such studies less time-consuming, 

which are largely beyond the research community. The steps are: 

 Standard calculation methods are needed, preferably implemented in commercially 

available software.  

 Data collection for the “stochastic time-series methods” and suitable data processing 

are needed to allow for immediate application in hosting capacity calculations. 

7.2 PAPER B 

7.2.1 Findings from Paper B 

It was found that the stochastic approach for estimating the hosting capacity is applicable for 

making planning decisions with limited input data. Such data is needed for the defined ToD 

and ToY only. The method's applicability is shown through an estimation for single-phase and 

three-phase solar PV units considering the overvoltage phenomenon. There is no need for the 

entire years’ time-series measurements as input to the stochastic method. The Input variables 

are needed only for the relevant number of hours and days of the year (ToD and ToY). 

A planning risk is introduced in the stochastic approach, which is a percentile of the probability 

distribution function of the highest daily voltage magnitude. It is shown that this planning risk 

has a big impact on the hosting capacity estimation. The planning risk was found to be a 

knowledge-based uncertainty (epistemic uncertainty). Most network operators use some 

planning risk, i.e. they do not plan their network for the absolute worst case. However, it is 

rarely possible to translate the risks taken in their planning methods into a specific planning 

risk (a probability). It was also found that the selection of the planning risk illustrates some of 

the trade-offs that a DSO has to make. One of those trade-offs is between on one side the risk 

of an overvoltage and not allowing a connection of solar PV and on the other side the risk with 

an investment in the future to mitigate the overvoltage.  

It was found that the hosting capacity for three-phase solar PV is higher than for single-phase 

solar PV units. The voltage rise for single-phase units is six times that for three-phase at the 

same produced power. However, it was found that the gain is not a factor of six for the 

stochastic HC. It is a factor of 2-3, which also depends on the planning risk. The advantage of 

solar PV three-phase units over single-phase units was shown using the 55-customers 

distribution network. The service cable/line supply to the customers is a single-phase phase. 

The supply with a three-phase service cable/line can encourage the installation of three-phase 

solar PV units for the customers.  
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7.2.2 Discussions from Paper B 

A stochastic approach for estimating the hosting capacity has been developed and applied to 

three existing LV distribution networks. Models of aleatory and epistemic uncertainties’ were 

included, and a distinction was made between these two types of uncertainty. An important 

input parameter to ensure that the approach can be used to make planning decisions is the so-

called planning risk.  

The planning risk is the probability that a DSO accepts for eventual overvoltage at a limited 

number of locations. It is selected based on the technical knowledge of the distribution network. 

A good choice of the planning risk can avoid investments for locations that are electrically 

weak in the distribution network. In this way, a balance is stricken for allowing the addition of 

solar PV in distribution networks at the majority of locations. However, DSOs rarely use an 

explicit value for the planning risk; the risk is defined rather indirectly through planning rules. 

Further work is needed to obtain insight into what kind of planning risks are acceptable to 

DSOs. 

Both single-phase and three-phase hosting capacity can be estimated with the proposed method. 

A single-phase solar PV size of 9 kW maximum has been applied. In reality, the recommended 

value for the maximum size of single-phase installations in Sweden is 3 kW. The probability 

that the voltage exceeds the overvoltage 110% limit for 3 kW solar PV units was 16% more for 

single-phase than three-phase for the 55-customer distribution network. 

The aleatory and epistemic uncertainties are defined and included in the stochastic approach. 

The approach requires a limited number of input variables for the ToD and ToY only. A method 

of obtaining relevant characteristics of the aleatory uncertainties has been introduced. Aleatory 

and epistemic uncertainties were modelled in different ways. A probabilistic approach was used 

to model the aleatory uncertainties. Simple models of epistemic uncertainties were 

implemented in the framework. The interval analysis was applied to build the possibilistic 

models. However, no detailed mathematical models were used for the epistemic uncertainties 

based on the interval analysis, possibilistic theory or evidence theory. Further work is needed 

along these lines. 

The interpretation of the results from the stochastic approach is very much based on the 

interpretation of the probability distribution function of the highest voltages at the customer 

terminals. The highest voltage is obtained from the aleatory uncertainties, the probability 

distribution from the epistemic uncertainties. Alternatively, epistemic uncertainty modelling 

theory can be applied. The probability box with Dempster-Shafer structures under evidence 

theory can also be used [59-61]. However, despite the mathematical model used, there is always 

a challenge of obtaining data for the epistemic uncertainties. Those uncertainties represent the 

possible future events, for which measurements are by definition not possible. Reliable data 

sources and trend analysis are ways to limit the uncertainties, even for epistemic uncertainties. 

The proposed stochastic method treats the two uncertainties differently. Doing so enabling 

finding out which one has more influence on the hosting capacity. It can also help in identifying 

which of the uncertainties will need more attention in the coming years. More effort should go 

towards carrying out measurements for the aleatory uncertainties. For the epistemic 

uncertainties, more information and data is needed. Measurements are, by definition, not 

possible for an epistemic uncertainty, but data collection (including measurements) can be used 

to limit this uncertainty. By collecting data on past of present behaviour, trends can be obtained 
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that will give information about (future) epistemic uncertainties. One example is carrying out 

a survey to obtain the number of customers interested in installing solar PV in the future. Based 

on the outcome, a model can be done to predict the pattern of the customer’s likelihood to have 

a solar PV unit. Each customer can have an equal probability to have solar PV. Also, based on 

evidence, there can be an equal probability of connecting solar PV to each of the phases. 

Mitigation methods are vital to increasing the amount of solar power that can be integrated into 

distribution networks. The stochastic approach presented in this work is also applicable for 

assessing and comparing mitigation methods. An example of applying the stochastic method 

for a mitigation solution is part of [62]. Similarly, reactive power compensation or tap changer 

position to increase hosting capacity can be studied using the proposed stochastic approach. 

7.2.3 Recommendations from Paper B 

DSO always considers a certain planning risk, but it is not known exactly how much risk is 

taken; in other words, which probability is seen as acceptable that the planning will turn out to 

be insufficient in the future. The selection of a planning risk is a trade-off between the 

overvoltage risk and the risk that a customer cannot connect a solar PV unit. It is recommended 

that more data and information are obtained about the planning risks used and acceptable by 

DSOs. 

Aleatory and epistemic uncertainties use different modelling techniques. Simple models were 

built for the stochastic approach. Other modelling methods, including robust optimization, 

hybrid probabilistic and possibilistic and information-gap decision theory, should be 

considered for application. Probability box and Dempster-Shafer structures are examples of 

methods that should be considered [59-61].  

Hosting capacity is bigger for three-phase solar PV than for single-phase solar PV. Three-phase 

systems are recommended for solar PV in distribution networks above 3 kWp solar PV size. 

Countries with single-phase service cable or even single-phase feeder cables should be replaced 

with three-phase equivalents.  

7.3 PAPER C 

7.3.1 Findings from Paper C 

It was found that the time-of-day (ToD) of 10 am - 2 pm used in Paper B (appended) can be 

confirmed from actual measurements of solar power production in Northern Sweden. Similarly, 

the time-of-year (ToY) assumption of 21st March to 21st September has also been confirmed. 

Annual peak values of production were found during the months of March (5 times), April (2 

times), May (4 times), and June (1 time)] for the three locations for which measurements were 

available. 

It was shown and found that general knowledge about the background voltage range is 

important to make an accurate estimation of the hosting capacity. The values of the applied 

measurements taken from the low-voltage side of the transformer, as the background voltage 

during the ToY and ToD, impacted the hosting capacity. Using a ToD around noon, bigger than 

the above-mentioned one, underestimated the estimated hosting capacity. It can be an 

unnecessary barrier against solar power; it is thus important to use an appropriate ToD. This 

same holds for the ToY. 
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It was also shown that voltage measurements over many years are not needed to obtain an 

accurate estimation of the hosting capacity.  

The background voltage applied was obtained from the voltage on the LV side of the MV/LV 

transformers. It was found that the voltage drop over the transformer impedance does not have 

to be considered. Using the values measured on the LV side is a good enough approximation 

of the background voltage to obtain an accurate estimation of the hosting capacity.  

It was found that the background voltage's probability distribution was best characterised by a 

Weibull distribution of a  generalised extreme value (GEV) distribution of type III for 75% of 

the locations for which voltage measurements were available. It was also found that the 

expected value of the distribution had a major impact, but the distributions' details had a minor 

impact on the estimated hosting capacity. 

7.3.2 Discussions from Paper C 

Probability distributions of the background voltage were obtained from two years of 

measurement on the low-voltage side of 33 distribution transformers in Northern Sweden. It is 

desirable to obtain long-time measurements to characterise the probability distribution function 

for aleatory uncertainties. Generally, the longer the measurement periods, the more information 

can be obtained from the measurements. However, only minor differences appeared in the 

values for the two years of measurements at these 33 locations. For these locations, a one-year 

measurement would be enough to obtain sufficiently accurate input to the hosting capacity 

estimation. This may not hold for other locations in Sweden or locations in other countries. 

When year-by-year variations in the background voltage, for example, are big, measurements 

for multiple years are needed. Verification through measurements at many locations and in 

other countries is needed to generalize the findings from this paper.  

The characterisation of the background voltage using the probability distribution function 

highlights the application of a typical aleatory uncertainty. The same approach used in the paper 

can be applied to other aleatory uncertainties, like the consumption by customers connected to 

the local low-voltage networks and the unbalance in the background voltage. The former has 

been applied in some of the papers which are part of this work; the latter has not been applied 

here. When estimating the hosting capacity considering voltage distortion, magnitude and 

phase angle of the pre-connection harmonic voltage can be treated as an aleatory uncertainty in 

the same way.   

This paper has considered the background voltage discussion as an aleatory uncertainty for 

solar PV. The same can be done for other applications, like new consumption (EVs). In that 

case, a new look at the approach is needed. It does not have to be the case that the same method 

can be applied without any changes. More about this is found in appended Paper F. 

In this study concerning solar PV, the impact of the local consumption on the hosting capacity 

was relatively small; instead, the background voltage had the main impact. When applying the 

method to EV charging, the maximum consumption is important, and it is expected to play a 

significant role. This was confirmed in Paper F (appended). 

Furthermore, the probability distribution function of the background voltage was obtained for 

the confirmed ToD of 10 am – 2 pm. using a broader time window than this confirmed ToD 

yielded an underestimation of the hosting capacity. The selection of an appropriate ToD is 
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important to obtain an accurate estimation of the hosting capacity. What was observed for 

locations in Northern Sweden may differ for other locations around the globe, especially for 

locations in subtropical and tropical regions. The characteristics of solar power production 

around the globe are different. The difference can lead to appropriate ToD and ToY that are not 

the same as for Northern Sweden. The method shown can be replicated for other areas’ 

production patterns, resulting in appropriate ToD and ToY for those areas.  

7.3.3 Recommendations from Paper C 

The confirmed ToD and ToY were based on the measurements of solar power production in 

Northern Sweden. The ToD and ToY have an impact on the hosting capacity; therefore, it is 

recommended that the method be applied to measurements at other locations to verify the 

conclusions presented in this paper. 

The probability distribution function of the background voltage applied has been obtained from 

measurements at the low-voltage side of the distribution transformers. It is recommended that 

measurement campaigns at different locations (inclusive at the customer terminals) and in 

different countries for various distribution networks are conducted to validate the generality of 

the background voltage model applied here. The duration of the measurement campaigns 

should be a minimum of one year to capture the seasonal variations. Multi-year measurements 

are preferred to estimate year-by-year variations and long-term trends. 

The background voltage applied was obtained at 33 different LV locations with a dominance 

of domestic loads. It is recommended that further measurements be done to verify the findings 

for locations with other load types. Special emphasis should be given to load where high or 

extremely low consumption is expected around noon. 

7.4 PAPER D 

7.4.1 Findings from Paper D 

The majority of the customers (91%) in the concession area can install three-phase solar PV 

units of up to 6 kWp without overvoltage problems. Forty percent (40%) can install without 

overvoltage and overload problems for larger sizes of 18 kWp. 

Overvoltage issues set the hosting capacity in the majority of cases. In a few percent of cases, 

overload sets the hosting capacity for the low-voltage networks in this concession area. It was 

also found that more attention should be given to large distribution networks, those with more 

than 8 customers, and increasing penetration of solar PV in the concession area. For distribution 

networks with up to 8 customers, the overvoltage will not be an issue. 

The results showed that the anticipated solar PV national target, which is 5-10% of electricity 

production in 2040 to be from solar PV (corresponding to about 25% of residential customers 

having solar PV), could be met in the concession area without requiring major measures in the 

low-voltage networks—the solar PV units with possible sizes from 3 kWp to 18 kWp. 

It was also found that the hosting capacity per customer in the concession area is around 18 kW 

for the majority of the customers considering the overload phenomenon to set the limit. For this 

estimation, 10% of the peak load was taken as the minimum consumption. 
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7.4.2 Discussions from Paper D 

The stochastic approach was applied to a concession area consisting of many low-voltage 

networks. Low-voltage networks have been studied with characteristically different source 

impedances, the number of customers, cable lengths, cable sizes and transformer sizes. The 

background voltage for the low-voltage distribution networks was not known, as no 

measurements were available. Information on the background voltages in an adjacent 

concession area was used instead. The hosting capacity was estimated based on the distribution 

network data and input parameters. The lack of measurements in the studied concession area 

makes the hosting capacity's estimation becomes less accurate.  

A large number of low-voltage distribution networks has been studied in this paper. A Monte 

Carlo simulation is used for each network; a decision is needed what is perceived as a sufficient 

number of samples. The number of samples applied was shown to be sufficient, as described 

in Paper C, where the method was developed. Arguably, more samples can be applied at the 

expense of increased running time to estimate the hosting capacity more accurately. The same 

point can be made here as before; the epistemic uncertainties may still make that this increased 

accuracy will not result in the ability to make a better investment or planning decision.  

Solar PV penetrations of 25% (for distributions systems (DS) with more than 8 customers), 

50% (DS with 1-8 customers) and 100% (all DS) were implemented in the study. The first 

assessment of 25% and 50% was to check the need for distribution-grid investment to reach the 

2040 target for Sweden. It is expected that 5-10% of the electricity should be from solar power. 

When a penetration less than 100% is taken, the planning aspects of a worst-case (solar PV 

from one customer to all customers) are not captured. The estimate of the level where the 

bottlenecks will begin to show may not be identified. Therefore, studies inclusive of the 100% 

penetration was implemented together with the planning risk.  

It was shown in Paper B that the value of the planning risk has a big impact on the hosting 

capacity. The values of the planning risk are selected by the DSO or the researcher performing 

the study.  In addition to the planning risk, the HC depends on the overloading limit and the 

overvoltage limit used in the calculations. With deterministic studies, DSOs tend to take 

relatively low limits to allow for uncertainties, such as background voltage. With the stochastic 

methods used in this work, such uncertainties are included in the planning risk. There is no 

need to add safety margins to overload or overvoltage limits. The relationship between the 

safety margin and planning risk has not been established in this work. More work is needed to 

understand this relation. 

The approach applied in the study estimates the hosting capacity for LV networks. During 

sunny periods, there are net power flows from the LV networks into the MV networks for high 

penetration. The MV networks are also likely to have large units connected. In such a situation, 

a hosting-capacity estimation is needed for the MV network as well. A similar approach as used 

in this work should be used for that. 

7.4.3 Recommendations from Paper D 

The concession area studied in appended Paper D is a mainly rural area in Northern Sweden. It 

is recommended that the same stochastic approach be applied to urban concession areas and 

both urban and rural concession areas in other countries. The findings of such a comprehensive 

study can be used for a generalisation of the results. Alternatively, it may show differences 
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between countries and areas that are important to consider in the way in which DSOs prepare 

themselves for an unexpected large penetration of solar PV. 

The method also compared the estimated hosting capacity for overloading, considering a 

deterministic approach and the result from a stochastic approach. It is recommended that the 

stochastic approach should also be applied to other concession areas. 

About 10-20% of the peak load is used, based on empirically experience, as an estimation of 

the minimum consumption during the ToD and ToY [50]. The hosting capacity per customer 

in this work was calculated considering 10% of the peak values as the minimum consumption 

during the ToD and ToY. It is recommended that measurements be carried out to obtain 

information on the minimum consumption, for example, using the method presented in 

appended Paper C.  

7.5 PAPER E 

7.5.1 Findings from Paper E 

Feeder and service cables have a break-even length (BEL) where limits on voltage rise and 

loading are reached for the same current. It was found that for a small permissible voltage rise, 

the majority of the cables were longer than the BEL; the opposite was the case for a large 

permissible voltage rise. This means that overloading will set the limit for large (5-10%) 

permissible voltage rise and overvoltage for small (up to 3%) permissible voltage rise. 

Deterministic and stochastic methods can be applied for estimating the risk of overload for the 

supply transformer and feeder cable (the cable to a cable cabinet). It was found that, generally, 

overloading is likely to occur more often for the transformer than for the feeder cable. It was 

also found that the deterministic hosting capacity is generally larger than the stochastic hosting 

capacity. 

It was found that for a 20% penetration of solar PV with 10 kW sizes, overloading is not an 

issue for the transformers in the studied distribution networks.  

There is a relationship between the definition of the hosting capacity and the way in which the 

results should be interpreted. It was found that there is no single definition of hosting capacity. 

The way the hosting capacity is defined and results interpreted could lead to another estimation 

for the hosting capacity than what is obtained with other definitions. It does not imply, however, 

that any of the methods would be incorrect or less accurate. 

7.5.2 Discussions from Paper E 

LV distribution networks consist of feeder and service cables. Each cable has a certain 

ampacity, which sets the limit of what is the highest current through the cable allowed. In 

addition, DSOs will set the maximum permissible voltage rise acceptable for the delivery points 

in the network. Knowledge of the break-even length, which is dependent on the maximum 

permissible voltage rise, is important for fulfilling the performance requirement for the entire 

distribution network. This work showed that the percentage of cables with lengths more than 

the break-even length was more for a small permissible voltage rise (A few percent: 3%, for 

example). The percentage of cables decreased with the increase in the permissible voltage rise. 

The definition of break-even length makes that it increases with increasing permissible voltage 
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rise. An important observation from this paper is that, within a realistic range of permissible 

voltage rise. For the distribution of cable lengths in the studies networks, the percentage of 

cables shorter than the break-even length strongly depends on the permissible voltage rise. It is 

concluded, from this observation, that overvoltage is setting the limit for small permissible 

voltage rise and overloading for large permissible voltage rise.  

The permissible voltage rise is not a value that can be applied to one specific cable; instead, it 

holds for all the cables (typically two to four) between the distribution transformer and the 

customers. The break-even length can therefore not be used for an individual cable. It can only 

be used to draw a general conclusion for the entire distribution network. Knowledge of the 

percentage of cables shorter or longer than the break-even length can give a preliminary 

indication of which issues should be considered for estimating the hosting capacity. Unless the 

permissible voltage rise is very small or very large, both overvoltage and overloading must be 

considered. Despite its limited applicability for individual cables, the BEL is an important 

concept. The concept can be applied as well to undervoltage aspects versus overloading for EV 

charging in distribution networks. 

Considering the overload phenomenon, the hosting capacity was estimated, and an assessment 

was made after which components (transformer or feeder cable) will be overloaded first due to 

solar PV. The power system needs to be planned to deliver power without exceeding the 

loadability of its components. The knowledge about the estimated hosting capacity is important 

in helping the DSO decide when and where investment is needed. 

As the first step, considering overloading, the hosting capacity per customer has been estimated. 

The results showed that most of the transformers would be overloaded for 10 kW solar PV per 

customer. This means that not all customers can connect solar-power units of that size. On the 

other hand, a 50% penetration rate yielded only 20% of the transformers being overloaded. The 

risk of overloading for the transformer and feeder cables is negligible for 20% penetration.  

In many distribution networks, a request for a customer to be connected has to be addressed by 

the DSO. The hosting capacity per customer can guide both the longer-term planning and 

connection decisions for individual installations. In cases where the requested amount to be 

connected is less than the hosting capacity per customer, overloading will not occur even if all 

customers would connect that amount.  

What was found is that the majority of the solar PV units installed now are typically of a size 

between 5 and 15 kW. The results showed that more than half of the distribution transformers 

would not be overloaded for this range of sizes. The extreme value of 43.5 kW, below which 

financial advantages hold for the connection and operation, would overload many transformers.  

The stochastic hosting capacity has also been assessed considering overloading. It was assumed 

that each customer has the same probability of installing a solar PV system. The likelihood of 

the transformer being overloaded, exceeding the allowed deterministic hosting capacity, is 

estimated as a function of this probability. The stochastic hosting capacity was defined as the 

highest probability that customers will install solar PV for which the probability for transformer 

overload is less than the acceptable risk. It was found to be over 20% for most of the 

transformers studied. The results confirmed the earlier estimated value, from the deterministic 

study, of 20% penetration without the high risk of transformer overloading.  
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In addition, an alternative definition of the hosting capacity was used to compare the 

deterministic and stochastic estimated hosting capacity. Other publications, reviewed in Paper 

A, also have different definitions of the hosting capacity. It has been shown that different 

definitions for the hosting capacity are possible, without any definition between superior to the 

other. The remaining challenge is to determine which method, or combination of methods, is 

most appropriate for different applications of the estimated hosting capacity. This challenge is 

an essential one for decisions on investment and planning of distribution networks.  

The method presented and applied in this paper has considered only solar PV; the hosting 

capacity for EV charging has not been assessed. There is a need to evaluate if the method is 

applicable to both new consumption (EVs) and production units at the customers in distribution 

networks. This includes the definition and application of a combined hosting capacity for both 

solar PV and EV charging. 

7.5.3 Recommendations from Paper E 

The data needed for the studies in paper E are readily available. The methods need to be applied 

to many distribution networks in different countries. Especially taking those from North 

America against those in Europe. In addition, the method needs to be applied to distribution 

networks that are designed for single-phase loads. Most distribution networks in Sweden have 

been designed for three-phase loads.  

The cable rating was used here as the overloading limit. The method should be extended to 

include temporary and occasional currents above the overloading limit. The method should also 

be applied to consider conductor or hot-spot temperature as the limit. 

It is recommended that the methods in Paper E are also applied for EV charging. 

7.6 PAPER F 

7.6.1 Findings from Paper F 

The method presented in this paper estimates the hosting capacity for any time of day, week 

and year. It was found that in a non-specific method (not attached to a specific ToD and ToY), 

simultaneous charging of EVs is assessed. Simultaneous charging entails that many customers 

who own EVs in a distribution network are charging at the same time. There is no need for 

detailed information about driving and charging patterns for the method. Therefore, there is no 

need for long-time measurement campaigns and surveys attached to EV charging in the 

implementation of the approach. 

It was found that the lowest background voltage, highest power consumption and planning risk 

are important input parameters. These parameters have the main impact on the estimated 

hosting capacity for EV charging. 

It was found that the three-phase hosting capacity is higher than the single-phase value. The 

hosting capacity was found to vary a lot within the range of charging powers expected in the 

coming years. 
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7.6.2 Discussions from Paper F 

The stochastic approach for estimating the hosting capacity for PV has been adapted to estimate 

the hosting capacity for EV charging. The approach for solar PV considered the ToD and ToY 

of the input parameters. For EV charging, the approach is applied for any time of the day, week 

or year. It is a critical difference in the application of the approach.  

EV charging, as a first step, adds to the already existing consumption for a customer. The total 

power consumption causes the customers’ voltage to drop compared with the sending-end 

voltage at the transformer or cable cabinet terminal. Compared to the solar PV approach, where 

the highest voltage at no load is applied, the background voltage should be treated differently. 

What matters most for EV charging is the lowest voltage during the period of highest customer 

consumption. Despite the two methods being similar in their basic approach, different input 

parameters are needed. An additional decision has to be made in the selection of the background 

voltage for EV hosting capacity. As the approach is applicable for any time of the day, the 

lowest voltage over the whole period of interest is needed. The difference in the input variables 

needed makes the conclusions from solar PV hosting capacity studies not to be directly applied 

to EV charging hosting capacity. The methods for solar PV need to be adapted to assess EV 

charging with appropriate input parameters and data collection. This is illustrated in the 

methods described in this paper. 

The approach presented in this paper estimates the hosting capacity for EV charging. A 

customer can have a charging port and own an EV, but that does not matter for the grid. Without 

charging activity, there is no impact on the distribution network. What is important for the 

approach is the number of customers that are simultaneously charging their EV. 

A planning risk, similar to that for the solar PV studies, is typically taken by distribution 

networks when planning. The risk takes into account the charging activity of several customers 

at the same time. In this work, the assumption has been that only one EV is charging at one 

location. The results would change if more than one charging activity would take place with 

the same customer. This has not been considered in this work. A planning risk is typically taken 

by distribution networks when planning. The planning risk is important for DSOs for making 

a trade-off between the risk of insufficient investment and the risk of too much investment. Too 

much investment will result in good power quality, but it will result in stranded assets when 

sufficient power quality was also achieved without that investment. 

As an essential element for future research efforts, there is a need for the research community 

to understand better in which way DSOs apply hosting capacity studies and other planning 

methods. This knowledge and information can help in streamlining and improving the hosting-

capacity approach. 

There are other phenomena, apart from the undervoltage, that should be considered in hosting-

capacity studies. One of those is a stochastic hosting capacity study for EV charging 

considering overload for transformer and feeder cable. One of the hosting capacity studies in 

Paper E used the “probability for a customer to install PV” as the independent variable. It is a 

way of modelling an epistemic uncertainty. As a future step, this approach should be extended 

to a “probability for a customer to own an EV”. There are differences between owning an EV 

and charging it. Detailed measurements would be needed for charging cycles and other 

activities to establish the relationship between owning and charging. Applying stochastic 
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hosting capacity studies for overvoltage and overload can inform the DSO of the phenomena 

likely to limit simultaneous EV charging in distribution networks. 

7.6.3 Recommendations from Paper F 

The developed method has been applied to two LV distribution networks, where current and 

expected future charging powers have been evaluated. It is recommended to apply the method 

to many other distribution networks to verify the generality of the results. In addition, an 

adaptation of the method to estimate the hosting capacity of fast charging is recommended to 

verify if the results also hold in that case. 

The measured voltages at the low-voltage side of the distribution transformers were applied as 

the background voltage for EVs charging. It is recommended to obtain measurements at the 

customer locations. Those measurements should be done in many distribution networks. The 

measurements will give a spread and diversity of the values, which can provide insight into the 

different parameters influencings the hosting capacity. 

Overloading is one of the potential problems associated with large amounts of EV charging. 

Overloading has not been considered for the hosting capacity estimation in this paper. A similar 

study should be done for EV charging as was done for solar PV in appended Paper E. 

Most studies consider the owning of EVs in the hosting capacity studies. In this case, the 

probability of owning an EV by a customer becomes critical. This can be treated in the same 

way as the probability for a customer to install solar PV, in paper E (appended), as the 

independent variable to consider this epistemic uncertainty. There is an important difference, 

however. Owning an EV by a customer does not immediately present a challenge to the local 

distribution network. What is important to the DSO is where the customers charge their EVs 

and how many will charge simultaneously. The probability of simultaneous charging depends 

on the probability that a particular customer charges at a specific time of the day. To obtain the 

number of customers and the probability at a time will require more input data regarding their 

charging patterns. Therefore, it is recommended that more data on such charging patterns are 

obtained to allow for more accurate estimations of the hosting capacity.    

7.7 GENERAL FINDINGS 
The work presented in this work includes: 

 Different methods for hosting capacity estimation,  

 Development of a stochastic approach and application for this approach to few 

distribution networks.  

 Application of the stochastic approach to many distribution networks within the same 

concession area.  

 Application of measurements to quantify aleatory uncertainties so that they can be 

included in the stochastic hosting capacity approach. 

 Applying stochastic and deterministic approaches for components loadability. 

 The adaption of the stochastic approach developed for solar PV to EV charging 

 

A review of the available literature has shown that many different methods for estimating the 

hosting capacity are in existence. It is not certain if many more are being developed (epistemic 
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uncertainty). A stochastic approach has been developed to encompass the aleatory and 

epistemic uncertainties that are associated with new power production and consumption. 

Furthermore, deterministic and stochastic approaches have been applied to estimate the hosting 

capacity when the limit is set by the loadability of components in the power system. This work 

has generally found that there are many different methods for estimating the hosting capacity. 

Those methods are applicable and useful tools that can be applied among others for identifying 

bottlenecks that could limit the penetration of solar PV power and EV charging in the 

distribution networks. 

The work has found that there is a strong link between hosting capacity methods and 

distribution network planning. Planning needs to minimise the costs of a distribution network 

under technical constraints. The hosting capacity methods in this work have demonstrated an 

embedded element of the planning aspect that is critical for making investment decisions. The 

hosting capacity approaches presented in this work are useful tools for addressing some of the 

risks associated with solar PV and EV charging.  

It has been found that hosting capacity methods around the globe need to consider the time of 

the day and year (ToD and ToY) during which the impact of solar PV is expected to be highest. 

By estimating the hosting capacity in this period, the planning aspect considers the worst-case 

of the epistemic uncertainties; this will limit the number of customers that can connect solar 

PV and the size of their installations. The same holds for EV charging in distribution networks. 

The time when many customers will charge at the same time is critical for planning and thus 

for the hosting-capacity calculations. 

This work has also clarified how the two basic types of uncertainties (aleatory and epistemic) 

should be considered in hosting capacity methods. It has been shown that different approaches 

are needed for these two types of uncertainty; this holds for the model and method development, 

application and interpretation of the methods, and it has educational consequences. More work 

and effort are needed to develop the models that will encompass both types of uncertainties 

while still maintaining their distinctions and differences. The decisions that DSO will make 

depends, using hosting-capacity calculations, depend among others, on an understanding of 

these two types of uncertainty. Their role in the decision-making process should be better 

quantified through the development and application of appropriate models in the hosting 

capacity methods. 
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