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Foreword

This report summarises my activities in the Smart Grid and Interoperability Lab of the
JRC for the needs of my traineeship entitled "Smart Grid Simulation" that took place in
the C.3 Energy Security, Distribution and Markets Unit of the C. Directorate of Energy,
Transport and Climate of the Joint Research Centre of the European Commission during
the period between 01.12.2016 and 30.04.2017.

The importance of this work lies on the fact that it summarises the prevailing situation
for the technical infrastructure serving the electricity distribution sector in the member
states of the European Union.

Relevant stakeholders of the electricity distribution sector and policy makers in the
European Union are now equipped with a report that clarifies the big picture for PV power
penetration and contracted power levels for the residential sector in the European Union.

Proposals for restructuring the electricity distribution sector in a number of countries
aiming the increase of efficiency of the design process for the electricity distribution
systems in the European Union are also provided.

Additionally, my involvement in laboratory activities including the installation and
configuration of the Elgar TerraSAS ETS 1000 PV Simulator that is available in the
laboratory and my familiarization with the Real Time Digital Simulator (RTDS
Technologies), i.e. development of simple power system circuits and simulation in the
hardware platform of RTDS, are presented in a comprehensive way too.
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Abstract

This technical report aims to investigate the upper limit of single phase (1®) PV power
connection (kWp) the low voltage (LV) electricity distribution system and the single
phase (1®) contracted power (kVA) levels in member states of the EU.

One of the key goals during the process of writing this report was to minimise the extent
of the provided information with a simultaneous maximization of its efficacy for the end
user.

The sources used for the creation of this report are all properly referenced in the
respective section of this work. Tables summarizing the current state for the upper limit
of PV power connection (kWp) to the low voltage (LV) electricity distribution system in
the EU are provided. Bar charts visualizing the single phase (1®) contracted power (kVA)
levels in the EU member states are also provided.

Additionally, in order to create a macroscopic view of the situation regarding the upper
limits of the single phase (1®) PV power (kWp) connection to the low voltage (LV)
electricity distribution system and the single phase (1®) contracted power (kVA) levels
for the EU Member States, a bar chart and a coloured map, summarizing and visualizing
the findings of the research that took place for the needs of this traineeship, are provided
too.

The significant importance of the website RES LEGAL [1] (Legal sources on Renewable
Energy), an initiative of the European Commission, has to be acknowledged. The
information provided in the website of RES LEGAL acted as an important starting point
during the process of searching the relevant legislative documents of DSOs regarding the
situation for single phase (1®) RES penetration (kWp) and single phase (1®) contracted
power (kVA) levels in the EU member states.

The ratio of installed single phase (1®) PV capacity (kWp) over the single phase (1®)
contracted power (kVA) of a consumer is of importance when planning the penetration of
RES to the electricity distribution system in the member states of the EU. For the
majority of the member states this ratio is explicitly stated in relevant legislative
documents. In case of lack of explicit definition of a coefficient that relates maximum
allowable RES power injection (kWp) with contracted power (kVA) levels at the
consumption side, this ratio can be calculated.

In the following pages the reader will find relevant information, with respect to the goals
of this literature review, for the member states of the EU.

Additionally, work conducted in the laboratory including my involvement with the Elgar
TerraSAS ETS 1000 PV Simulator hardware and software tools as well as the simulation
of simple power system circuits in the Real Time Digital Simulator (RTDS Technologies)
are also presented in respective chapters of this report.

The tools that have been used for the realization of this report were Microsoft Word,
Microsoft Excel, Google Search, Google Translate, Map Chart, Elgar TerraSAS PV
Simulator Software, RSCAD (software environment for creating power system models to
be simulated in the RTDS hardware environment).



1 Introduction

This work is an outcome of the traineeship entitled "Smart System Simulation” that took
place in the C.3 Energy Security, Distribution and Markets Unit of the C. Directorate of
Energy, Transport and Climate of the Joint Research Centre of the European Commission
between 01.12.2016 and 30.04.2017.

The findings of this work can be used as a benchmark in order to evaluate the relation of
various electricity distribution systems modelling efforts (urban, semi-urban and/or rural
areas etc.) with real world electricity distribution systems.

The EU has set goals for decarbonizing its economy and in order to do so, low carbon
power generating technologies should be deployed in large scale. The deployment of
these power generating technologies is realised on the distribution level of power
systems, leading to a need for assessing the impact of this deployment on the existing
electricity distribution systems.

For the needs of this report the Power Factor (PF) of both PV power connection (kWp) to
the low voltage (LV) electricity distribution system and the contracted power (kVA) at the
consumption side are considered to be equal to 1. The notations kWp and kVA refer to
the same quantity, i.e. power, in terms of physical meaning, but in a differentiated way
in order to avoid misunderstandings regarding the meaning of each quantity. Special
attention should be given to the fact that the notation of kWp refers to power injection
from RES at the buses of a studied power network while the notation of kVA refers to
power consumption at the buses of the same power network.

The significance of this work lies on the fact that it aggregates, summarises and
visualises information that DSOs, acting in the member states of the EU, provide to their
customers.

In the following pages, a summary of the prevailing situation regarding the RES
penetration (kWp) to the low voltage (LV) electricity distribution system as well as the
single phase (1®) contracted power (kVA) levels on the consumption side, for the
residential sector, in the member states of the EU are presented.

The importance of the ratio of the installed single phase (1®) PV power capacity (kWp)
over the single phase (1®) contracted power (kVA) is underlined and the key findings are
summarised coherently in order to effectively assist stakeholders and policy makers of
the electricity sector in the EU.

In the Conclusion section of this work, suggestions are given regarding actions that, if
taken, can make the design of electricity distribution systems more efficient. These
suggestions need to be taken into account when relevant policy making bodies create the
legislative framework that brings together contemporary developments in power
production technologies, i.e. distributed RES, and DSOs maintaining electricity
distribution systems in the EU.



2 EU Member States

This chapter is dedicated to the presentation of the outcomes of the main findings of the
literature review done for the member states of the EU with respect to the goals of this
report, i.e.

a. investigation of the upper limit of the single phase (1®) PV power connection
(kWp) to the low voltage (LV) electricity distribution systems in the EU and

b. investigation of the single phase (1®) contracted power (kVA) levels in the EU



2.1 Austria

In Austria, electricity production from RES is supported through the following schemes
[2]:

e FIT

e Subsidies

Table 1 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Austria.

Table 1. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Austria

Installed capacity

Power connection

< 3.68 kWp

Single phase - 10

Three phase - 3¢

Source: [3]

In Austria, the contracted power (kVA) levels for single phase (1®) consumers are
2.3kVA, 3.68kVA, 4.83kVA, 5.75kVA, 7.36kVA, 9.2kVA, 11.5kVA. Source: [4] [5] [6]

2.2 Belgium

In Belgium, electricity production from RES is supported through the following schemes

[7]:
* Quota system
 Net metering
» Subsidy scheme

Table 2 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Belgium.

Table 2. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Belgium

Installed capacity Power connection

< 5 kwp Single phase - 10

> 5 kWp and up to <10 kwp Three phase - 30

Source: [8]

In Belgium, the contracted power (kVA) levels for single phase (1®) consumers are
3.68kVA, 4.6kVA, 5.75kVA, 7.36kVA, 9.2kVA, 11.5kVA, 14.49kVA [9].




2.3 Bulgaria
In Bulgaria, electricity production from RES is supported through the following schemes
[10]:
e FIT
Table 3 summarises the information that was gathered regarding the upper limits of PV

power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Bulgaria.

Table 3. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Bulgaria

Installed capacity

Power connection

Single phase - 10

> 5 kWp and up to <30kwp

Three phase - 30

Source: [11]

In Bulgaria, the contracted power (kVA) levels for single phase (1®) consumers are
6kVA, 7-15kVA [12] [13].
2.4 Croatia

In Croatia, electricity production from RES is supported through the following schemes
[14]:

« FIT
e Loans
e Premium Tariff

Table 4 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Croatia.

Table 4. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Croatia

Installed capacity

Power connection

Single phase - 10

> SkWp and up to = 30 kwp

Three phase - 30

Source: [15]

In Croatia, the contracted power (kVA) levels for single phase (1®) consumers are

4.6kVA, 5,75kVA, 7.36kVA, 9.2kVA, 11.5kVA [16].




2.5 Cyprus (Republic of)

In Cyprus, electricity production from RES is supported through the following schemes
[17]:

 Net Metering

e Subsidies

Table 5 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Cyprus.

Table 5. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Cyprus

Installed capacity

Power connection

S4kWp

Single phase - 10

> 4 kWp and up to SSkWp

Three phase - 30

Source: [18]

In Cyprus, the contracted power (kVA) level for single phase (1®) consumers is 9.2kVA
[19].

2.6 Czech Republic

In Czech Republic, electricity production from RES is supported through the following
schemes [20]:

« FIT

* Premium Tariff

e Subsidy Scheme
Micro-power scheme

Table 6 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Czech Repubilic.

Table 6. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Czech Republic

Installed capacity Power connection
< 3.68 kwp Single phase - 10
- 3.68 kwp and up to <10kwp Three phase - 30

Source: [21]

In Czech Republic, the contracted power (kVA) level for single phase (1®) consumers is
5.75kVA [22].




2.7 Denmark

In Denmark, electricity production from RES is supported through the following schemes
[23]:

* Loan scheme

* Net Metering

* Premium Tariff
e Tenders

Table 7 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Denmark.

Table 7. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Denmark

Installed capacity Power connection
<3.68kwp Single phase - 10
>~ 3.68 kWp and up to SllkWp Three phase - 30

Source: [24]

In Denmark, the contracted power (kVA) level for single phase (1®) consumers is
5.75kVA [25].

2.8 Estonia

In Estonia, electricity production from RES is supported through the following schemes
[26]:

e Premium tariff
e Subsidies
e Micro-production scheme

Table 8 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Estonia.

Table 8. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Estonia

Installed capacity Power connection
< 3.68 kwp Single phase - 10
>~ 3.68 kWp and up to SllkWp Three phase - 30

Source: [27]

In Estonia, the contracted power (kVA) levels for single phase (1®) consumers are
1.38kVA, 2.3kVA, 3.68kVA, 4.6kVA, 5.75kVA [28].




2.9 Finland

In Finland, electricity production from RES is supported through the following schemes
[29]:

e Premium tariff
e Subsidies
e Micro-generation scheme

Table 9 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Finland.

Table 9. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Finland

Installed capacity Power connection
< 3.68 kwp Single phase - 10
> 3.68 kWp and up to SllkWp Three phase - 30

Source: [30]
In Finland, the contracted power (kVA) level for single phase (1®) consumers is 5.75kVA
[31].

2.10 France

In France, electricity production from RES is supported through the following schemes
[32]:

 FIT

e Premium tariff

e Tax regulation mechanisms
e Tenders

Table 10 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in France.

Table 10. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
France

Installed capacity Power connection
< 6 kwp Single phase - 10
> 6 kWp and up to <36kwp Three phase - 30

Source: [33]

In France, the contracted power (kVA) levels for single phase (1®) consumers are 3kVA,
6kVA, 9kVA, 12kVA, 15kVA, 18kVA [34].
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2.11 Germany

In Germany, electricity production from RES is supported through the following schemes
[35]:

« FIT

e Loans

» Subsidies
e Tenders

Table 11 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Germany.

Table 11. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Germany

Installed capacity

Power connection

Single phase - 10

> 4.6 kwp and up to < 13.8 kwp

Three phase - 30

Source: [36]
In Germany, the contracted power (kVA) level for single phase (1®) consumers is 4.6kVA
[37].

2.12 Greece

In Greece, electricity production from RES is supported through the following schemes
[38]:

e FIT & Premium tariff

* Net Metering

» Subsidies

e Tax regulation mechanism & Tenders

Table 12 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Greece.

Table 12. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Greece

Installed capacity

Power connection

< Skwp

Single phase - 10

> S kWp and up to <10kwp

Three phase - 30

Source: [39]

In Greece, the contracted power (kVA) levels for single phase (1®) consumers are 8kVA

and 12kVA [40].




2.13 Hungary

In Hungary, electricity production from RES is supported through the following schemes
[41]:

o FIT

* Green Premium
* Loans

* Net Metering

» Subsidies

Table 13 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Hungary.

Table 13. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Hungary

Installed capacity Power connection
< Skwp Single phase - 10
> S kWp and up to < 90 kwp Three phase - 30

Source: [42]

In Hungary, the contracted power (kVA) levels for single phase (1®) consumers are
1.38kVA, 2.3kVA, 3.68kVA, 4.6kVA, 5.75kVA, 7.36kVA, 9.2kVA, 11.5kVA, 14.49kVA,
18.4kVA [43].

2.14 Ireland
In Ireland, electricity production from RES is supported through the following schemes
[44]:
e FIT
Table 14 summarises the information that was gathered regarding the upper limits of PV

power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Ireland.

Table 14. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Ireland

Installed capacity Power connection
< 5.75 kwp Single phase - 10
> 9.75 kWp and up to <1lkwp Three phase - 30

Source: [45]

In Ireland, the contracted power (kVA) levels for single phase (1®) consumers are 12kVA
and 16kVA [46].
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2.15 Italy

In Italy, electricity production from RES is supported through the following schemes
[47]:

o FIT

* Net Metering

* Premium tariff

e Tax regulation mechanisms
+ Tenders

Table 15 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Italy.

Table 15. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Italy

Installed capacity Power connection
< 6 kwp Single phase - 10
> 6 kwp and up to <20kwp Three phase - 30

Source: [48]

In Italy, the contracted power (kVA) levels for single phase (1®) consumers are 1.5kVA,
3kVA, 4.5kVA, 6kVA [49].

2.16 Latvia

In Latvia, electricity production from RES is supported through the following schemes
[50]:

e FIT
 Net Metering
Micro-generation scheme

Table 16 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Latvia.

Table 16. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Latvia

Installed capacity

Power connection

<368Kkwp

Single phase - 10

> 3.68 kWp and up to <1lkwp

Three phase - 30

Source: [51]

In Latvia, the contracted power (kVA) levels for single phase (1®) consumers are

3.68kVA, 4.6kVA, 5.75kVA [52].




2.17 Lithuania

In Lithuania, electricity production from RES is supported through the following schemes
[53]:

* Loans & Tenders

* Net Metering

e« Feed in premium

e Subsidies & Tax regulation mechanisms

Table 17 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Lithuania.

Table 17. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Lithuania

Installed capacity Power connection
< X kWp(*) Single phase - 10
=X kWp(*) and up to <10kwp Three phase - 3@
Source: [54] (*) No credible data for single phase (1®) PV power installations

In Lithuania, the contracted power (kVA) levels for single phase (1®) consumers are
3kVA, 4kVA, 5kVA, 6kVA, 7kVA, 8kVA, 9kVA, 10kVA [55].

2.18 Luxembourg

In Luxembourg, electricity production from RES is supported through the following
schemes [56]:

- FIT
¢ Premium tariff
e Subsidies & Tax regulation mechanisms

Table 18 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Luxembourg.

Table 18. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Luxemburg

Installed capacity Power connection
< XkWp (*) Single phase - 10
= XkWp (*) and up to <30kwp Three phase - 30
Source: [57] (*) No credible data for single phase (1®) PV power installations

In Luxembourg, the contracted power (kVA) levels for three phase (3®) consumers are
9.2kVA, 11.5kVA, 14.49kVA, 18.4kVA, 23kVA [58].
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2.19 Malta

In Malta, electricity production from RES is supported through the following schemes
[59]:

e FIT

* Investment grant

Table 19 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Malta.

Table 19. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Malta

Installed capacity

Power connection

< 3.68 kwp

Single phase - 10

Three phase - 30

Source: [60]

Installations larger than 3.68kWp per phase need to be authorised by the Regulator of
Energy and Water Services of Malta. In Malta, the contracted power (kVA) level for single
phase (1®) consumers is 9.2kVA [61].

2.20 Netherlands

In the Netherlands, electricity production from RES is supported through the following
schemes [62]:

* Loan scheme

* Net Metering

e Premium tariff

e Tax regulation mechanisms
e Tenders

Table 20 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in the Netherlands.

Table 20. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
the Netherlands

Installed capacity

Power connection

Single phase - 10

> S kWp and up to <95kwp

Three phase - 30

Source: [63]

In the Netherlands, the contracted power (kVA) levels for single phase (1®) consumers
are 1.38kVA, 2.3kVA, 3.68kVA, 5.75kVA, 8.05kVA, 9.2kVA [64].




2.21 Poland

In Poland, electricity production from RES is supported through the following schemes
[65]:

e« Loan & Quota system

» Subsidy & Support scheme

e Tax regulation mechanism

e Tenders
Micro-installation scheme

Table 21 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Poland.

Table 21. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Poland

Installed capacity Power connection
< 4.6 kwp Single phase - 10

Source: [66]

In Poland, the contracted power (kVA) levels for single phase (1®) consumers are
1.38kVA, 2.3kVA, 3.68kVA, 4.6kVA, 5.75kVA, 7.36kVA, 9.2kVA, 11.5kVA [67].

2.22 Portugal

In Portugal, electricity production from RES is supported through the following schemes
[68]:

« FIT
Micro-generation scheme

Table 22 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Portugal.

Table 22. Upper limits, of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Portugal

Installed capacity Power connection
<5.75kwp Single phase - 10
> 5.75 kWp and up to <11.04,wp Three phase - 30

Source: [69]

In Portugal, the contracted power (kVA) levels for single phase (1®) consumers are
1.15kVA, 2.3kVA, 3.45kVA, 4.6kVA, 5.75kVA, 6.9kVA, 10.35kVA, 13.8kVA [70].
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2.23 Romania

In Romania, electricity production from RES is supported through the following schemes
[71]:

* Quota system

e Subsidies

Table 23 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Romania.

Table 23. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Romania

Installed capacity Power connection
< XkWp (*) Single phase - 10
Source: [72] (*) No credible data for single phase (1®) PV power installations

In Romania, the contracted power (kVA) levels for single phase (1®) consumers are
<3kVA, 3-6kVA, >6kVA [73].

2.24 Slovakia

In Slovakia, electricity production from RES is supported through the following schemes
[74]:

e Feed in Tariff
e Subsidy scheme
e Tax regulation mechanisms

Table 24 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Slovakia.

Table 24. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Slovakia

Installed capacity Power connection
< 4.6 kwp Single phase - 10
> 4.6 kWp and up to =10kwp Three phase - 30

Source: [75]

In Slovakia, the contracted power (kVA) level for single phase (1®) consumers is
5.75kVA [76].
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2.25 Slovenia

In Slovenia, electricity production from RES is supported through the following schemes
[77]:

« FIT

e Premium tariff

* Loan scheme

* Subsidy scheme
Micro-production scheme

Table 25 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Slovenia.

Table 25. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Slovenia

Installed capacity Power connection
< 4.6 kwp Single phase - 10

Source: [78]

In Slovenia, the contracted power (kVA) levels for single phase (1®) consumers are
3kVA, 6kVA, 8kVA [79].

2.26 Spain

In Spain, electricity production from RES is supported through the following schemes
[80]:

« Tenders

Table 26 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Spain.

Table 26. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Spain

Installed capacity Power connection
<Skwp Single phase - 10
> S kWp and up to < 10 kwp Three phase - 30

Source: [81]

In Spain, the contracted power (kVA) levels for single phase (1®) consumers are
0.35kVA, 0.69kVA, 0.81kVA, 1.15kVA, 1.73kVA, 2.3kVA, 3.45kVA, 4.6kVA, 5.75kVA,
6.9kVA, 8.05kVA, 9.2kVA, 10.35kVA, 11.5kVA, 14.49kVA [82].
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2.27 Sweden

In Sweden, electricity production from RES is supported through the following schemes
[83]:

* Quota system

e Subsidy scheme

e Tax regulation mechanisms
Micro-production scheme

Table 27 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, in Sweden.

Table 27. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Sweden

Installed capacity Power connection
< 2 kWp (%) Single phase - 10
> 2 kWp (*) and up to <10 kwp Three phase - 3®

Source: [84] (*) May be extended to 4kWp depending on the contracted power (kVA) of the consumer

In Sweden, the contracted power (kVA) levels for single phase (1®) consumers are
3.68kVA, 4.6kVA, 5.75kVA, 8.05kVA, 11.5kVA, 14.49kVA [85].

2.28 Great Britain

In Great Britain, electricity production from RES is supported through the following
schemes [86]:

« Contracts for Difference (CfD) scheme

o FIT

* Quota system

e Tax regulation mechanism & Tenders

« Small Scale Embedded Generation (SSEG) scheme

Table 28 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, under the Small Scale Embedded Generation (SSEG) scheme, in
Great Britain.

Table 28. Upper limits of PV power connection (kWp) to the low voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Great Britain

Installed capacity Power connection
<3.68kwp Single phase - 10
> 3.68 kWp and up to <11.04kwp Three phase - 30

Source: [87]

Micro-generation scheme
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Table 29 summarises the information that was gathered regarding the upper limits of PV
power connection (kWp) to the low voltage (LV) electricity distribution system for
residential installations, under the Micro-generation scheme, in Great Britain.

Table 29. Upper limits of PV power connection (kWp) to low the voltage (LV) electricity
distribution system for residential single phase (1®) and three phase (3®) installations in
Great Britain

Installed capacity Power connection
<17kwp Single phase - 10
>17kwp and up to S50kwp Three phase - 30

Source: [88]

In Great Britain, the contracted power (kVA) levels for single phase (1®) consumers are
5.75kVA, 13.8kVA, 15kVA, 18.4kVA, 23kVA [89] [90].
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3 Ratio of kWp over kVA

Traditionally, electricity distribution systems were developed in order to meet the various
types of electricity demand needs of final consumers i.e. the sizing of the equipment
(MV/LV transformers, cabling infrastructure, etc.) serving these needs was performed
based on standards [91] [92] for maximum allowable voltage drops across the cabling
infrastructure serving consumption needs etc.

The large scale integration of RES in the low voltage (LV) electricity distribution system
has as an externality the need for investigating the performance of cabling infrastructure
which, while originally developed to withstand the consumption needs of consumers,
nowadays has also to deal with the power injection (kWp) taking place at the premises of
“prosumers”. EU goals for increased share of renewable energies in the energy mix of the
union [93] and the anticipated growth of small scale installations justify the needs for
performing research in the field of low voltage electricity distribution systems with
increasing RES penetration.

Because of the fact that the performance of cabling infrastructure is different when
considering on the one hand the power demand/consumption and on the other hand the
power production/injection, DSOs have realised that there is a need to impose either
explicitly or implicitly a coefficient that determines the relation of the maximum allowable
installed PV capacity (kWp), i.e. the maximum allowable instantaneous power injection,
with the contracted power (kVA) at the premises of consumers.

In a number of countries there is an explicit definition of the relation between kWp and
kVA. For a small number of countries the explicit determination of this coefficient does
not exist. In this case, the ratio of kWp over kVA can be calculated by the division of
relevant quantities for the power injection (kWp) and the contracted power (kVA).

In Ireland, the maximum allowable installed PV capacity (kWp) is determined at the level
of MV/LV transformer serving the needs of the respective area. The maximum value of
the ratio of aggregated PV capacity (kWp) installed in an area over the nominal kVA of
the transformer serving that area is 40% [94].

In Greece, the explicit definition of this coefficient (50%) is applicable for PV power
installations higher than 20kWp [95]. These installations, typically, are three phase (3®)
installations and thus out of scope of this report. For single phase (1®) installations the
calculation of this coefficient gives as output the value of 62.5% relation between
maximum installed kWp and contracted kVA at the premises of consumers.

In Portugal, the installed PV capacity of single phase (1®) micro-generation units cannot
be higher than 50% of the contracted power (kVA) at the premises of consumers and in
any case higher than 5.75kWp [96].

In the Netherlands, for single phase (1®) installations the ratio of installed PV capacity
(kWp) over the contracted power (kVA) of the consumer can be either 100%, 87%,
62.5% or 50% based on the value of single phase (1®) contracted power (kVA) of the
consumer [97].

The range of installed single phase (1®) PV power capacity (kWp) over the single phase
(1®) contracted (kVA) of a consumer in the member states of the EU varies between
40% and 100%.

21



4 Summary of findings

Table 30 summarises the findings for the upper limit of the single phase (1®) PV Power
connection (kWp) to the low voltage (LV) electricity distribution system, the single phase
(1®) contracted power (kVA) levels and the RES penetration schemes that are available
in the EU Member States.

Table 30. Summary of the upper limit of single phase (1®) PV Power connection (kWp)
to the low voltage (LV) electricity distribution system, the single phase (1®) contracted
power (kVA) levels and the RES penetration schemes in the EU Member States

Upper Limit of

EU Single Phase (1®) | Single Phase (1®) Renewable penetration
Member PV Power Contracted Power schelr)nes
State connection to LV (kVA) Levels
network (kWp)
Austria 3.68 2.3, 3.68, 4.83, FIT, Subsidies
5.75, 7.36, 9.2, 11.5
Belgium 5 3.68, 4.6, 5.75, Quota system, Net
7.36,9.2, 11.5, Metering, Subsidy scheme
14.49
Bulgaria 5 6, 7-15 FIT
Croatia 5 4.6, 5.75, 7.36, 9.2, FIT, Premium Tariff, Loans
11.5
Cyprus 4 9.2 Net Metering, Subsidies
Czech 3.68 5.75 FIT, Premium Tariff,
Republic Subsidy scheme
Denmark 3.68 5.75 Loan scheme, Net Metering,
Premium Tariff, Tenders
Estonia 3.68 1.38, 2.3, 3.68, 4.6, Premium Tariff, Subsidies
5.75
Finland 3.68 5.75 Premium Tariff, Subsidies
France 6 3,6,9, 12, 15, 18 FIT, Tenders, Tax
regulation mechanisms,
Tenders
Germany 4.6 4.6 FIT, Loans, Subsidies,
Tenders
Greece 5 8,12 FIT, Net Metering, Premium

tariff, Subsidies, Tax
regulation mechanisms,
Tenders

22




Upper Limit of

EU Single Phase (1) Single Phase (1) Renewable penetration
Member PV Power Contracted Power sche':nes
State connection to LV (kVA) Levels
network (kWp)
Hungary 5 1.38, 2.3, 3.68, 4.6, FIT, Green Premium,
5.75, 7,36, 9.2, 11.5, Loans, Net Metering,
14.49, 18.4 Subsidies
Ireland 5.75 12, 16 FIT
Italy 6 1.5,3,4.5,6 FIT, Net Metering,
Premium Tariff, Tenders,
Tax regulation
mechanisms
Latvia 3.68 3.68, 4.6, 5.75 FIT, Net Metering
Lithuania <10 (30) 3,4,5,6,7,8,9, 10 Loans, Net Metering,
Feed in Premium,
Subsidies, Tax regulation
mechanisms, Tenders
Luxembourg <30 (3D) 9.2, 11.5, 14.49, 18.4, FIT, Premium tariff,
23 (3D) Subsidies, Tax regulation
mechanisms
Malta 3.68 9.2 FIT, Investment grant
Netherlands 5 1.38, 2.3, 3.68, 5.75, Loan scheme, Net
8.05, 9.2 Metering, Premium Tariff,
Tax regulation
mechanisms, Tenders
Poland 4.6 1.38, 2.3, 3.68, 4.6, Loan scheme, Quota
5.75, 7.36, 9.2, 11.5 system, Subsidy scheme,
Support scheme, Tax
regulation mechanism,
Tenders
Portugal 5.75 1.15, 2.3, 3.45, 4.6, FIT
5.75, 6.9, 10.35, 13.8
Romania 10 (30) <3, 3-6, >6 Quota system, Subsidies
Slovakia 4.6 5.75 FIT, Subsidy scheme, Tax
regulation mechanisms
Slovenia 4.6 3,6,8 FIT, Premium tariff, Loan

scheme Subsidy scheme
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Upper Limit of
EU Single Phase (1®) | Single Phase (1®) .
Member PV Power Contracted Power Renewaslz:lhee?::setratlon
State connection to LV (kVA) Levels
network (kWp)
Spain 5 0.35, 0.69, 0.81, Tenders
1.15, 1.73, 2.3,
3.45, 4.6, 5.75, 6.9,
8.05, 9.2, 10.35,
11.5, 14.49
Sweden 2and 4 3.68, 4.6, 5.75, Quota System, Subsidy
8.05, 11.5, 14.49 scheme, Tax regulation
mechanisms
Great Britain 3.68 and 17 5.75, 13.8, 15, 18.4, Contracts for Difference
23 (CfD) scheme, FIT, Quota
system, Tax regulation
mechanism, Tenders

Source: Summary of the outcomes of this report

A careful review of Table 30 is helpful for determining the efficiency of the design process
of electricity distribution systems. The availability, or not, of multiple contracted power
(kVA) levels for single phase installations (1®) has a significant impact in the overall
electricity systems’ design process.

For the needs of this work an adequate number of multiple single phase (1®) contracted
power (kVA) levels is considered to be four (4 levels).

Table 31 presents the number of countries having more than four (24) levels of single

phase (1®) contracted power (kVA) and the number of countries having less than (< 4)
levels.

Table 31. Number of EU countries having more (or less) than 4 single phase (10)
contracted power (kVA) levels.

Number of countries having = 4 levels | Number of countries having <4 levels

16 12

Source: Outcome of this report

Regulatory authorities acting in countries that have less than 4 contracted power (kVA)
levels need to restructure the design process for electricity distribution systems.
Categorization of the, to be electrified, spaces (e.g. garages, single room flat, multiple
room flats etc.) in different categories in terms of the contracted power (kVA) that can
possibly be assigned to them is “sine qua non” for a transition towards efficient design
process of electricity distribution systems.

If such a shift takes place, it will lead to economies of scale in terms of primary materials
(copper, plastics etc.) used in order to create and maintain electricity distribution
systems offering high quality services to consumers.

As an example, the reader should consider a situation where a consumer wants to
electrify a garage, where a typical value of single phase (1®) contracted power of 1.5kVA
would be enough, but the available options of contracted power (kVA) offered from
DSOs are much higher (e.g. 5.75kVA or 8kVA or 12kVA). This is a perfect demonstration
of a loose way for designing technical systems because it will lead to unnecessarily
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oversized equipment (MV/LV transformer, cabling infrastructure, etc.) used in order to
provide electricity to consumers. This situation has to be reformed by proper policy
making actions.

Additionally, a comparatively low upper limit of contracted power (kVA) can potentially
increase the affordability of electricity services for consumers due to the fact that a low
upper limit of contracted power (kVA) can increase energy awareness and thus have as a
positive externality, the decreased annual energy consumption (kWh).
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5 Big Picture of the Upper Limit

of PV power connection (kWp) to the low voltage (LV) electricity distribution system for single phase (1®) installations in the member
states of the EU

Table 32 presents the upper limit for single phase (1®) PV power connection (kWp) to the low voltage (LV) electricity distribution system in the EU
member states and Table 33 summarises the number of countries per kWp level for single phase (1®) PV power installations in the EU member states.

Table 32. Upper limit of the single phase (1®) PV power connection (kWp) to the low voltage (LV) electricity distribution system in the EU

AT BE BG | HR | CY cz DK EE FI FR | DE | GR | HU IE IT Lv LT LU MT NL PL PT RO | SK SI ES SE-1 SE-2 | GB-1 GB-2

3.68 5 5 5 4 3.68 | 3.68 | 3.68 | 3.68 6 4.6 5 5 5.75 6 3.68 | (*) | (*) | 3.68 5 4.6 | 575 | (*) | 4.6 | 4.6 5 2 4 3.68 17

Source: Outcome of this report (*) No credible data for single phase (1®) PV power (kWp) installations

Table 33. Statistics of the upper limit of PV power connection (kWp) to the low voltage (LV) electricity distribution system in the EU

Single phase (1®) PV power connection (kWp) level Number of countries

3.68 (**) 8

4 (¥¥¥) 2

4.6 4

5 7

5.75 2

6 2

10 (30) 2

30 (30) 1

Source: Outcome of this report. (**) For Great Britain the value of 3.68kWp was taken into account (***) For Sweden the value of 4kWp was taken into account

Figure 1 presents the Bar Chart of the information provided in the Table 32 in order to visualise the situation for the single phase (1®) PV power
connection (kWp) to the low voltage (LV) electricity distribution system in the EU. The Big Picture of the variation of the key variable under
investigation, i.e. PV power connection (kWp) to the low voltage (LV) electricity distribution system in the EU, has been clarified.
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Figure 1. Big picture of the upper limit of single phase (1®) PV power connection (kWp) to the low voltage (LV) electricity distribution system in the EU
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6 Coloured Map of the Upper Limit

of PV power connection (kWp) to the low voltage (LV) electricity distribution system for single phase (1®) PV installations in the
member states of the EU

Figure 2 presents a coloured map version of the findings of this report regarding the upper limit of PV power connection (kWp) to the low voltage (LV)
electricity distribution system in the EU member states.

Figure 2. Coloured Map for the upper limit of single phase (1®) PV power connection (kWp) to the low voltage (LV) electricity distribution system in the EU
Upper Limit of Single Phase

% o
(1®) PV power connection (kWp)
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Source: Outcome of this report
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7 Elgar TerraSAS ETS 1000 PV Simulator

The manuals that were used in order to acquire the knowledge needed to carry out the
tasks of this assignment are the following:

a. Elgar TerraSAS Software, Installation and User Manual Rev G [98]

b. ETS 1000 Photovoltaic Simulator, Operation and Maintenance Manual [99]
My work with respect to the PV Simulator included the following:

a. Mastering the content of above mentioned manuals

b. IP configuration of the Host PC on which the Elgar TerraSAS software was
installed

Connection to the PV Simulator via an Ethernet cable
d. Upgrade of the firmware running on the PV Simulator hardware

The main field of application of PV Simulators is the testing of inverters used in real world
PV power installations. It is of importance for manufacturers of this kind of equipment to
study the performance and response of inverters based on rapid changes on irradiance
profiles and thus PV power output.

The manufacturer of the PV Simulator provides a DEMO version of the Elgar TerraSAS
Software in order to help engineers to familiarise themselves with the environment of the
software. Detailed explanation on how to use the software can be found in the manuals
that were mentioned above.

Figure 3 presents a view of the Elgar TerraSAS PV Simulator that is available in the
Smart Grid and Interoperability Lab of the JRC of the European Commission.

Figure 3. View of the Elgar TerraSAS PV Simulator

ELCGAIRC

TerrasSAS

Terrestrial Solar Array Simulator”

Source: AMETEK Programmable Solutions
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7.1 ETS 1000 Photovoltaic Simulator Specifications

Table 34 presents the specifications of the ETS 1000 PV simulator that is available in the

Smart Grid and Interoperability Lab of the JRC of the European Commission.

Table 34. Specifications of the ETS 1000 PV Simulator

Model ETS 1000V/10A
Output Voltage, Voc (V) 1000
Maximum Output Voltage (V) 1100
Output Current, lsc (A) 10
Maximum Output Power (kWp), FF =0.85 8.5
MPP tracking speed (Hz) 200
I-V curve resolution (# of pts) 1024
Output capacitance (HF) < 40
vV + 1400
Output isolation, Pk
Available I/0O Ethernet
Remote sense (V) 10
Input Voltage (VAC ) D: 342-440
Input Frequency (Hz) 47-63
Power Factor > 0.9 typical
Output noise < 0.6V

Operating temperature

0-50 degrees C

Physical dimensions

71.8x13.3x48.3 cm3, 27kg

Source: [100]
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7.2 Elgar TerraSAS Software

In this section, screenshots presenting the capabilities of the Elgar Terra SAS Software are provided.

Figure 4. Introductory screen of the DEMO version of TerraSAS software (Photovoltaic simulation tab)

B Tersis sl ey St (060 WoDK] — 2000 S - T

File  Photovoltaic curve

Irradiance profile  Arra System  Measure  Help
|| Photovoltaic simulation System control
Photovoltaic Curves Pool Iradiance Profiles Pool Array builder Simulation Preview
< g
£ -
00 02 04 06 08 10 12
Voltage (V)
| sTaTicsIm || LOCAL || OFFUNE || OCURVES | OPROFILES | 0ARRAYS || DLOGOFF |

Source: Elgar TerraSAS Software environment
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Figure 5. Introductory screen of the DEMO version of TerraSAS software (System control tab)
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Source: Elgar TerraSAS Software environment
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As can be seen, in Figure 34, there are four different sections that the operator can
observe and configure based on the needs of the, to be simulated, case. These are

a. Photovoltaic Curves Pool

b. Irradiance Profiles Pool

c. Array Builder

d. Simulation Preview (Static)

In Figure 35, seven sections (the purpose of each section is straightforward) can be
identified. These are:

a. Channel 1 - Irradiance profile
Channel 1 - Photovoltaic curve
MPPT%

b
c
d. CH1 - Photovoltaic curve parameters
e. CH1 - MPPT Measurements

f. Section for monitoring time clock and its offset
g

Section acting as pool for photovoltaic curves, irradiance profiles, and PV arrays’
configuration

The red rectangle highlights all the different configuration that can be made and alter the
performance of the simulated PV array.

The File menu has the following submenus:
a. Load test session
b. Save test session
The Photovoltaic curve menu has the following submenus
a. Load (SNL)
b. Import (SAM)
c. Create (SNL)
d. EN 50530:2010
i. Create/Update curve
i Edit coefficients
e. Remove
i. Al
ii. Selected

The Irradiance profile menu has the following submenus

a. Load
b. Remove

i. Al

i Selected
c. Create

The Array menu has the following submenus
a. Add

b. Remove
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i. Al
ii. Selected
The System menu has the following submenus
a. Configure
i. PV Simulators
ii. Settings
iii. Import inverter data
b. Reset
c. Debug
i. Show SCPI traffic
ii. Show timing
iii. Show errors
iv. Show external inputs
d. Data logging
e. Channels grouping setup
I/L Energy monitor
The Measure menu has the following submenus
a. Time
i. MPPT recovery
b. Energy
The Help menu has the following submenus
a. About TerraSAS

The purpose of the menus and submenus is straightforward and thus there is no need
for further explanations.

In Figure 6 an I-V curve, irradiance profile (sunny day) and an array configuration have
been added resulting to the PV system presented under the Simulation Preview menu
(static simulation). Variables (V.,lg,Vype, e ) characterising the performance of the

PV power system are calculated by the software and presented in a comprehensive way.
Figure 7 corresponds to a Static Simulation. Later in this section, screenshots from a
dynamic simulation will be presented too.

Figure 8 and Figure 9 present the dynamic simulation of a PV module where the
performance of the PV module is based on the irradiance profile that has been added
earlier. The I-V curve is adjusted dynamically based on the maximum power point
tracking (MPPT) principle. The instantaneous value of MPPT is also monitored and
presented in the software.

It has to be mentioned that extensive presentation of the capabilities of the Elgar
TerraSAS PV Simulator is out of scope of the current report. The reader shall consult the
documents presented in [98] and [99] in order to get familiar with the full range of
capabilities of the PV Simulator.
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Figure 6. Screenshot of a static simulation where the I-V curve, the irradiance profile and an array configuration have been added
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Figure 7. Dynamic Simulation of the performance of a PV module (screenshot for low irradiance)
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Figure 8. Dynamic Simulation of the performance of a PV module (screenshot for high irradiance)

TerraSAS Solar Array Simulator [ DEMO MODE ]
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8 Real Time Digital Simulator (RTDS)

RTDS hardware and RSCAD software environment are state of the art tools used for
simulating and studying Electromagnetic Transient (EMT) phenomena in power systems.
In the website of RTDS Technologies [101] plethora of information regarding the fields of
power systems engineering where the RTDS Simulator can be used are presented.
Because of the availability of large amount of documentation both on hardware and on
the RSCAD software used for real time simulations, the RTMF approach was used in this
case too.

Figure 9 presents the manual set that is provided by the RTDS Technologies in order to
help their customers to familiarise themselves with the RTDS Simulator.

Figure 9. RTDS manual set
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Source: RTDS Technologies

Figure 10 presents all the modules that are available in the RSCAD Software
environment.

Figure 10. RSCAD software modules
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Source: RSCAD Software environment

Table 35 summarises the scope of each module available in the RSCAD software
environment.
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Table 35. RSCAD Software modules and their description

Module Description
Draft Used for designing the schematic diagrams
of power systems to be simulated in the
RTDS
Runtime Used for monitoring under investigation
variables based on “events” taking place in
the simulated power system
CBuilder Component builder environment based on
C programming language for development
of custom components to be used in
simulations
Multiplot Used for multi-plotting purposes
Cable Used to customise the parameters of
cables that are being inserted into the
simulation environment
T-Line Used to customise the transmission lines
that are being inserted into the simulation
environment
Help Used for finding information for
components used in simulations
Convert Used to convert models that have been
designed in Simulink into a format
accessible by RSCAD
Manuals Gives access to the Manual Set of RSCAD

software environment

Source: RTDS Technologies
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Figure 11 presents a screenshot of RSCAD introductory page environment. Based on the scope of the work conducted by the user the respective
module should be chosen. The user can either choose to open a directory of on-going project or create a new project in the environment of interest for
his work.

Figure 11. RSCAD software environment
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Figure 12 presents the RSCAD Draft environment where the Power Systems tab has been selected and no drawing has taken place yet. The Draft
environment is used for creating the model of a power system configuration to be studied. Components from the Power System tab, Protection and
Automation tab, Generator Controls tab and Controls tab can be added in order to represent properly the case that the user wants to simulate.

Figure 12. RSCAD Software Draft environment
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Figure 13 presents the RSCAD Draft environment where a simple power system containing a generator, a transmission line and a load have been
modelled and interconnected. Based on the number of available racks (RTDS hardware Simulator) a maximum number of modules can be added to the

RSCAD Draft environment.

Figure 13. RSCAD Draft environment where a simple power systems circuit has been modelled
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Figure 14 presents the RSCAD Runtime environment were the Case #12, i.e. urban low voltage network, of Reference Network Models [102] that were

studied in the Smart Electricity Systems and Interoperability group of the JRC [103].

Figure 14. RSCAD Software Runtime environment
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Source: RSCAD Software Runtime environment (developed by Dr. Alexandre Lucas)
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9 Conclusions and Future Work

This report had the aim to summarise the data that DSOs in the member states of the
EU provide regarding the penetration of RES (kWp) to the low voltage (LV) electricity
distribution system. Relevant bar charts per country as well as a bar chart summarizing
the situation in the EU for single phase (1®) PV power connection (kWp) to the low
voltage (LV) electricity distribution are provided. The coloured map that was presented
in a previous section of this work gives a macroscopic view of the same situation for the
member states of the EU.

From now and on, policy making bodies of the electricity sector in the EU are equipped
with a report that clarifies the big picture of single phase (1®) RES penetration (kWp) to
the low voltage (LV) electricity distribution system as well as the single phase (10)
contracted power (kVA) levels.

The introduction of multiple single phase (1®) contracted power (kVA) levels can have a
positive side effect on a variety of fields related directly or indirectly with the electricity
distribution sector (increased efficiency of design process, economies of scale for used
equipment etc.) in the EU member states.

Electricity distribution systems have emerged during the process of electrification of
urban, semi-urban, rural areas etc. that took place in 20th century in order to fulfil the
various needs of consumers in terms of electricity demand. In the past, power
generation processes and plants were located in areas where fossil fuels were available
and thus the development of the power system followed a centralised approach. This
situation has changed dramatically after the introduction of RES and the transformation
of traditional consumers to “prosumers” able to produce electricity in a distributed
manner. New research questions emerge and should be studied.

In strict scientific terms, there is a need for the determination of a formula that relates
the voltage levels at the buses of a studied electricity distribution system, when
considering the penetration of RES, with a variety of \variables, i.e.

Vbus = f (an "Atab’ Ncons"")

where the vector of voltages at the studied buses Vs ) is the

P.
dependent variable, while the vector of power injection ' ' at the buses, cross-section of
cables (A ) serving the needs of consumption, the number of consumers per bus being
served (N s ), among other variables, are the independent variables.

The determination of such a formula and its incorporation to decision support systems
(DSS) used by DSOs could assist the process of efficient design of electricity distribution
systems with a simultaneous maximization of RES penetration potential aiming the
smooth decarbonization of the European economy.

The PV Simulator that is available in the Smart Grid and Interoperability Lab of the JRC
can be interfaced with the Real Time Simulator (through the utilization of a specific
Analogue Input card) that is also present in the Lab, in order to form a so-called Power
Hardware in the Loop (PHIL) Simulation.

In this kind of simulations, the operator can witness in real time how changes in the
output of the PV Simulator (e.g. different values of irradiance or temperature) affect
KPIs of a studied power system. Instead of just having a pure simulation where the
modules used to form a given power system are all modelled, with PHIL simulation part
of the real time simulation is outcome of the outputs of actual hardware devices.
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List of abbreviations and definitions

kWp kilo Watt peak, determines the peak value of the power injection of a PV
power installation

kVA kilo Volt Ampere, determines the maximum allowable instantaneous power

demand at the premises of electricity consumers

kWh derived unit of energy

LV Low Voltage, electricity distribution networks where the nominal voltage is
<1kv

PV PhotoVoltaic (effect), direct conversion of sunlight to electricity via the use
of semiconductors

RES Renewable Energy Sources, in this report RES notation refers to PV
systems

Prosumers Consumers of electricity that additionally produce electricity through e.g.
PV panels installed at their premises

FIT Feed in Tariff
10 Single phase
30 Three phase
cos @ = L
PF Power Factor, S where P : real power and S. apparent power
KPI Key Performance Index
DSS Decision Support System
PHIL Power Hardware in Loop
FF Fill Factor
MPPT Maximum Power Point Tracking
EMT Electromagnetic Transient (phenomena)
EU European Union
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