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Abstract— This paper describes a method to determine the 
Hosting Capacity (HC) for solar Photovoltaics (PV) in 
distribution networks. The method uses hourly load data and 
roof-top PV power production simulation data in a commercial 
Network Information System (NIS). The HC – defined as the 
maximum amount of new PV that can be connected without 
endangering the reliability or quality for other customers - is 
monitored for each node in the network with different 
proportions of the buildings having PV installations. The times-
series of PV power generation are influenced by both local 
weather conditions and shading to ensure that only profitable 
installations are simulated. The method captures the variability 
of load and production and enables simultaneous evaluation of 
several of the most common mitigation actions in networks with 
high PV penetration. Presented is a case study of a network 
with 51 secondary substations and 534 customer networks in 
central Sweden. With PV applied to 10% of the best roof 
locations, some local voltage issues arise. With limited 
mitigation actions at critical locations the network can host as 
much of 30% of the best roof-top locations having PV. 

Index: Hosting Capacity; solar PV, network integration 

I. INTRODUCTION

With the expected increase in solar Photovoltaics (PV) it 
is vital that electrical analytic tools used for network studies, 
can help in dimensioning the network with both existing and 
anticipated amount of PV. This paper presents a method for 
estimating the hosting capacity (HC) of individual nodes in 
medium voltage (MV) and low voltage (LV) networks with 
various amounts of PV developed within a EU Horizon 2020 
project1.  

PV makes a relatively small contribution to Sweden’s 
electrical production (0,2% in 2017) but installed capacity is 
growing 60-80% per year and average installation size is 
increasing [1], which is also reflected in the Vattenfall 
network (see Figure 1 and Figure 2). Official goal is that 5-
10% of Sweden’s electricity production should come from 
solar in the year 2040, which is equivalent to 7-14 TWh [2]. 
This goal requires about twice the number of 2018 annual 
installations during the next two decades, assuming average 
installation size will increase slightly to 20 kWp (see Figure 
2). 

In Sweden, all customers are connected to three-phases. 
Distribution networks have traditionally been designed for 
high peak load from direct electric heating in the winter. This 
means that the low voltage network is relatively robust. 
Fundamental to the Swedish distribution networks (in an 
international perspective), is high capability to host PV and it 
is also an industry agreement in the national solar sector that 
installations above 3 kW should be connected to three-phase, 
an agreement that has been followed without known 
exceptions in the Vattenfall network for the past three years. 
This in turn means “single-line” three phase network studies 
are sufficient and voltage unbalance issues are avoided. 

The increase in PV in Sweden is driven both by cost 
reduction and high government subsidies for micro 
producers. A micro producer is defined as having an installed 
capacity below 43,5 kWp, and main fuse rating under 63 A 
and not feeding in more electricity to the grid than is 

1 UPGRID project: European Union’s Horizon 2020 research and 
innovation programme grant agreement No 646.531A.B, 2015–2017. 
Available at www.upgrid.eu 

Figure 1. Annual number and accumulated capacity of 
PV installation in Vattenfall network 2012-2018. 

Figure 2. Average size of PV installations in Vattenfall 
network 2012-2018. 
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consumed. Residential PV owners are today entitled to a 
subsidy of 30% of the investment cost, and also a tax grant 
for fed-in electricity to the electrical network of 0,6 SEK per 
kWh (~0,057 Euro/kwh) [3]. Producers of PV power are also 
entitled to smaller DSOs’ compensation for contribution 
towards decreased network loses, as well as small income 
from national green certificates and guarantees of origin. 

Given the national goals for PV it is thus both important 
and urgent for Distribution System Operators (DSOs) to 
analyse the investments, network requirements and best 
strategies to accommodate high penetration of PV. As this 
study will show, this can be achieved with existing network 
information, measured load data and with only modest 
alterations to commercial NIS. 

The paper is structured as follows: Section II describes the 
methodology applied that allows hourly power production 
estimates and meter values to be used to determine the HC of 

individual network components in scenarios of various PV 
penetration levels. Section III presents the results of case 
study in which the methodology is tested. Finally, in  Section 
IV, a concluding discussion is provided. 

II. METHODOLOGY. 

A. Definition of hosting capacity 

The Hosting Capacity (HC) is defined as the maximum 
amount of new generation or load that can be connected 
without endangering the reliability or quality for other 
customers [4]. The HC concept is based on power quality 
standards where measurable performance indicators are 
defined, and limits set for these indicators.  

B. Calculation of rooftop PV potential  

Solar radiation on roof surfaces for a set of buildings were 
calculated with Matlab code from Uppsala University, 

 
Figure 3. Calculated annual solar irradiation with PV panels laid out on only high irradiation sections of the roofs. 
Surrounding vegetation (gray triangles) is used for shading analysis. The in-folded figure represents raw LiDAR point 
cloud. Building footprint (yellow) is used to distinguish points for the buildings (blue) and trees (green). 

 
Figure 4. Calculated voltage variations (black line) during a spring week for the same farm as in Figure 3 The red line 
represents the sorted voltage magnitudes of the same period.  
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according to [5] where 3D representation of buildings are 
created from low-resolution LiDAR (Light Detection and 
Ranging) data, available for almost all of Sweden and based 
on a method from [6]. 

The method takes into account roof size, orientation and 
tilt. Decreased production from shading of vegetation and 
buildings is also considered as well as meteorological solar 
irradiance and temperature data with 2,5 km spatial resolution 
provided by the Swedish Metrological and Hydrological 
Institute [7]. The geographical data used are the property map 
and LiDAR data, both provided by the Swedish land survey 
[8], [9]. A sample of the raw LiDAR data is shown in the 
upper right corner of Figure 3 where blue dots lies within a 
building footprint of the property map (yellow). These points 
are used to create simplified 3D building models of the 
houses, i.e., roof shape, orientation, tilt and height. The 
LiDAR data also codes trees and other objects (green dots in 
Figure 3 inlay) surrounding the buildings, which are used to 
calculate shading on the roofs.  

Due to the (in an international perspective) low resolution 
of the LiDAR data available for rural Sweden, with point 
density of 0,5-1 pts/m2, specific measures need to be taken. 

This involves combining point clouds for similar roofs when 
the number of points on a roof is insufficient to accurately 
determine the roof type and tilt. This allows the simplified 3D 
buildings to be created for all residential houses within the 
dataset (i.e., Sweden). Although some roofs will not be 
correctly modelled, and thereby affecting the PV suitable of 
that particular roof, these errors are believed to have a minor 
impact on the overall PV potential  of a MV feeder, since 
most buildings are correctly modelled. 

The solar irradiation model derives hourly production 
time-series for each PV module with potential production 
above a given value in kWh per m2 and year. To ensure that 
PV installations simulated are of a realistic size, the payback 
time is calculated for individual panels based on the price list 
of Vattenfall residential PV offering in Sweden. Irradiation 
thresholds were selected that corresponded to system payback 
time of either 12 years (equivalent to an irradiation of more 
than 800 kWh/m2,yr) or 15 years (corresponding to above 950 
kWh/m2,yr). An example of a calculated solar irradiation for 
buildings belonging to a farm in the studied network is shown 
in Figure 5. The effect of shading is visible in that panels are 
omitted from parts of the roofs with low irradiation. 

 

 
Figure 5. Left; PV power production time-series based on historic irradiance data are stored per roof. The red curve represents 
production for panels with irradiation of >950 kWh/m2,yr and the blue curve represents panels with irradiation of >800 
kWh/m2,yr. Right; GPS coordinates, which allow association to meter within the property limits. 

 

   
Figure 6. NIS dialogue to enter local production. Left; Historical consumption, collected from the metering system, which 
is used in network calculations. Right; production time-series of the resulting net power flow. 
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Irradiance time series are associated with load meters 
within the property boundary as shown in Figure 5. From the 
NIS meter database they can be loaded to the NIS together 
with time-correlated electricity usage data from the Smart 
Meters. Vattenfall has had 100% Smart Meter coverage, with 
hourly resolution, since 2008 for the studied LV grids. 

C. Calculation of network power flow 

Vattenfall’s NIS is a combined network documentation, 
geographical information system (GIS) as well as a planning 
and electrical analytics tools. It is used both to document the 
network and perform network calculation and analytical 
tasks. Figure 7 shows the circuit diagram view with analytics 
of power flows for the hours of one calendar year. The 
simulated PV power production time-series are stored in the 
same standardised format (GS2-files) as the hourly load 
values from the Vattenfall Smart Meters. The production 
time-series are imported to a second instance of the NIS meter 
reading data base. For flexibility, the potential PV power 
production can be applied or removed by the network 
analysist and, if required scaled in Netbas by modifying the 
calculated annual production provided for a customer.  

PV power production will be used together with the 
measured hourly load when performing network calculations. 
The NIS calculates power flow and voltage for different 
amounts of PV in an LV circuit as shown in Figure 6. For this 
purpose the PV power production time-series are associated 
with a meter and loaded to a meter database, according to the 
method illustrated to the right of Figure 5. Thus, realistic PV 
power production is available in the NIS and can be applied 
to a customer manually (if the customer makes a connection 
request for a given installed capacity) or according to a 
defined scenario (if studying the impact of various PV 
penetration levels in the network).  

The NIS can assist in monitoring the amount of installed 
capacity that is possible, without violating component design 
criteria or regulation such as EN 50160 [10]. This is done 
efficiently by an initial bulk calculation for entire network 
areas where production is ascribed to each building 
considered having a good PV potential. For post-analysis the 
NIS also stores the resulting power flow and voltage for each 
node and hour of the simulation, combining these values later 
in scenarios with simultaneous PV installations. 

      
Figure 7. NIS calculation of power flow with PV installations on the best 10% of roofs in the case study. To the left, power 
flow in individual LV-circuits are shown for a selected summer hour (circuits with reverse power flow are red). To the right, 
colour coding of the time of year for which the maximum load flow occurs; (blue) during winter from consumption and (red) 
during summer from net PV power in-feed. 

 

   
Figure 8. Voltage profile for a LV circuit is shown to the left displaying the min (black), max (red) and average (blue) 
voltage values over the year as a function of distance from the secondary substation. Mitigation actions to solve voltage 
issues from PV can also be examined in the NIS. To the right the voltage profile for the highlighted circuit is given (red 
dashed line in circuit diagram) - as well as for other selected locations in the network - with altered tap position of the 
10/0.4 kV distribution transformer. At the same time, maximum voltage drop during the year in each node (presented in per 
unit in the yellow boxes in the grid circuit) is given, which allows network analysers to ensure the tap change does not result 
in under voltages at other locations and times. 
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D. Case study  

Vattenfall is Sweden’s largest DSO with 17% of the 
nation’s end-customers. 50% of all electricity used in Sweden 
flows through Vattenfall sub-transmission and distribution 
networks. In the case study, the HC is derived for individual 
components in a Vattenfall rural network with 51 secondary 
substations and 534 customers. The net power flow with the 
overlying MV network was derived for three different 
proportions of roofs having PV. Simultaneously, the 
increased HC was calculated for some of the most common 
DSO mitigation actions, namely ”last mile” cable upgrade 
and change of tap change and PV inverter settings. This 
enables estimates of the effectiveness of network mitigation 
actions and investments required to support higher PV 
penetration level 

In the study, the power flow is calculated in NIS for one 
calendar year (8760 hourly values) with three different 
scenarios; 10, 20 or 30% of the roofs with best potential 
having PV. Voltages at each node and hour, as well as voltage 
profiles along an LV circuit under each 10/0.4 kV substation. 
In the case study the amount of installed PV capacity possible 
without violating component design criteria or regulations, 
such as the EN 50160, were assigned to each network node 
as the HC limit. 

III. RESULTS 
The NIS can show which time of year maximum load 

flow exists in the network, i.e., some nodes will be heavily 
loaded in winter, while other nodes (with high PV 
penetration) may have a summer feed-in that exceeds the 
maximum electricity use during winter. Figure 8 illustrates 
how the extreme voltage values of the year can be analysed 
by the network planner. Such diagrams can be created for all 
customers and nodes along any LV radial-circuit in the 
network. The calculated voltage for each hour in a year can 
also be shown simultaneously for multiple nodes in the 
network. The amount of PV that can be installed is largely 
location based with the least amounts (lowest HC) at the end 
of the MV and LV feeders. In the case study, the customer 
with the best solar potential where assigned solar electricity 
production first. On average installation size was about 8 kWp 
(below 3 kWp, no installations were profitable). The size of 
the installations on a few larger roofs were limited to 43,5 
kWp, corresponding to the limitations set in Sweden for tax 
benefits of micro-producers (see Section I).  

A. Influence of increasing PV penetration levels  

Calculations were performed in the NIS for the low-
voltage grids downstream of 51 secondary substations with a 
total of 534 customers. The study showed that: 

• At 10% PV penetration (corresponding to PV 
production being applied to the best 50 houses with 
regard to solar potential), no network nodes exceeded 
their HC. Reverse power flows appear in smaller 
parts of the network during the summer. In this 
scenario, a cap on PV installation size was introduced 
to ensure that annual production fed into the network 
was smaller than the annual usage, a restriction 
enforced today in order to receive government tax 
credits for feed-in, mentioned in Section I [3]. It is 
likely that violations had occurred for some 
customers if installation was allowed above the 43.5 
kWp limit for micro producers, however such issues 
would be captured and handled according to today’s 
existing process for new PV connection requests.  

• At 20% PV penetration (PV on the best 106 houses), 
local voltage issues occurred in a few isolated areas 
in the network. This need not be a network or power 
quality issue per se as all PV installations in Sweden 
are required to stop or reduce production when 
voltage is above 11% for 60 or more seconds,  
according national requirements in Annex A of EN 
50438. This would, however, represent situations 
when PV owners could have claims on the DSO for 
unavailability of the network to receive the micro 
production produced. Also, some hours with reverse 
power flow into the 50 kV sub-transmission network 
was obtained at this penetration level, as shown in 
Figure 9 centre graph.  

• At 30% PV penetration (159 houses), the maximum 
reverse power-feed into the 50 kV sub transmission 
network, reaches in the summer the equivalent of 
40% of the maximum electricity usage in the winter. 
This bi-directional characteristic of the network is 
visible when plotting the power-flow into the 50 kV 
regional network, which can be seen in Figure 9 as a 
(blue) dip (reverse power-feed) in the middle of the 
figure that correspond to mid-day in summer. 

 

 

 
Figure 9. 3d plots of net power flow with PV installed on 0% (left), 20% (middle) and 30% (right) of the roofs with best 
PV potential. A dip mid-day in summer corresponds to the reverse power-flow that peaks at 40% of winter consumption. 
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B. Mitigation actions for high PV penetration levels 

As shown in the middle of Figure 8, mitigation actions to 
solve voltage issues from PV can also be examined in NIS. In 
Figure 8, the voltage profile for the highlighted circuit (red) 
with an altered tap position of the 10/0.4 kV distribution 
transformer can be inspected by a network analysist. 
Calculations are re-run with the new tap position to verify if 
the voltage profile is within defined limits after the change. 
For such studies, it is particularly important to ensure that 
other customers, without local PV power production, are not 
negatively affected by for instance under-voltages by the tap 
changer modification. The visualisation in NIS of both 
voltage profiles and extreme values in the network diagram 
of all locations in the vicinity, allows, at a glance, the operator 
to control that the mitigation action is not having adverse 
effects on other locations.  

In a similar manner, the improvements in overloading and 
voltage from increased cable area can be examined. 
Furthermore, simulations with non-unity power factor of the 
PV inverters can be performed to see potential benefits from 
reactive power support. 

IV. CONCLUDING DISCUSSION 
This NIS Hosting Capacity function is intended to provide 

network planner with information about the (accumulated) 
amount of PV that can be installed in a network without 
causing voltage or load issues. It provides the level below, in 
which violations of studied regulatory or power quality issue 
are not likely to occur. By listing components and cable 
lengths that exceed set limits, the DSO can make accurate 
estimates of the network investments required for different 
scenarios of PV penetration. It was also demonstrated that 
common mitigation strategies to solve power quality issues 
related to high PV penetration levels in a network can be 
studied in NIS. 

By calculating PV electricity production for the same time 
period as the load has been measured it is ensured that the 
meteorological conditions will be the same, resulting in both 
accurate and realistic estimates of net power flow. In the 
presented case study, the simulated PV electricity production 
time-series where bulk-imported to the NIS. However, the 
production time-series were manually applied to the load 
meter points. Both network calculations and analysis were 
performed manually. In a next step, the ability to 
automatically allocate production according to a scenario 
would need to be developed within NIS. The calculations 
would then also be initiated, and results analysed 
automatically.  

The method currently only considers voltage and power 
restrictions. To ensure that PV implementation is not 
restricted by other power quality phenomena, additional 
performance limits may need to be defined and incorporated 
in the calculations. The number of power flow calculations 
required, although in the millions, was concluded as feasible 

to perform in Vattenfall’s existing NIS and IT environment. 
Thus, the case study showed that the proposed Hosting 
Capacity method is feasible to apply for all Vattenfall 42 000 
secondary substations and 870 000 customers, based on initial 
bulk calculations that could be made in a reasonable time of 
a few weeks.  

The functionality enables DSOs to make long term plans 
and in a cost-effective way meet societal needs and political 
targets for local renewable electricity production. However, 
the largest gain identified is that the method can drastically 
reduce the number of network studies that need to be 
performed for PV connection requests. Hence, until the PV 
penetration becomes higher than a found HC value at a node 
displayed in the NIS network, planners only need to assess 
the effect of the installation at its point of connection. 

As PV electricity production is only calculated for 
proportions of the roofs, having a relatively high annual 
irradiation, it is ensured that the PV installation size are 
realistic and replaces the need for applying a stochastic 
modelling that places varying sized PV installations at 
random locations. Instead the simulated power flow reflects 
realistically what would have been the case with already 
installations present in the studied (historic) time period, 
which are profitable already at today’s PV panel, inverter and 
installation costs. On average, the applied installations would 
be equivalent to an interest on the investment, with today’s 
subsidies and feed-in tax credits, of between 5 and 8%. 
Modelling only profitable installations is motivated by the 
likelihood that many of these installations will in fact be 
realised in coming years, as home owners usually lack other 
investments with the same return on investment. 
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