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Abstract

In context of combating climate change, carbon saving goals are defined on European
level. One effect of this is the increased installation of photovoltaic, heat pump and com-
bined heat and power systems on low voltage distribution grids. As the distribution grid
was not designed to handle this quantity of distributed generators and large loads, there
are undesirable influences. The voltage level is identified as the main issue in low voltage
grids. From the point of view of a manufacturer of such devices the influence on possible
connections to the low voltage grid and necessary measures are of interest. The character-
istic voltage influence of combined-heat-and-power, heat pump and photovoltaic systems is
evaluated. In order to quantify the influence, a 2020 penetration scenario of these devices
is developed using market expectation data. It is shown that different grids show violations
of the voltage limits according to EN 50160 and measures for voltage control are therefore
necessary in order to integrate the anticipated number of appliances. A range of measures
are evaluated regarding effectiveness, system operator and end-user economics, comfort
and environmental influence. The measures are based on grid operator equipment or end-
user appliances.

Battery storage based measures are identified as effective but very expensive com-
pared to other solutions. The most cost efficient measure is the installation of on-load
tap-changers at the low voltage transformers. Demand side management of heat pumps
can be effective under certain circumstances but end-user comfort is endangered here.
Considering the total economics, demand side management is more expensive than the
use of on-load tap changers. From a manufacturer perspective there are no additional
requirements for end-user appliances identified for voltage control on low voltage grids.
Connection restrictions and the grid planning process have to be reviewed in order to en-
able cost efficient integration of the anticipated number of appliances in 2020. The results

are validated for increased generator penetrations in a 'maximum PV’ scenario.
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1 Introduction

Climate Change is one of the big challenges in the world today. Since several years a
number of governments have advanced international efforts to fight climate change [1]. In
Europe this is reflected in the 20-20-20 goals - 20% less carbon emissions compared to
1990 - 20% renewable energies - 20% improved energy efficiency till 2020 [2]. In Germany
these goals are incorporated in the ’Energiewende’ - energy transition. The reduction of
the carbon footprint is realised by shifting the energy generation from conventional carbon
based sources to renewable and highly efficient sources and by reducing the energy de-
mand by usage of efficient appliances. Transportation, electricity and process heat are the
main areas of energy demand in Germany and therefore the primary target for all meas-
ures. In the domestic area, this refers to personal transportation by car or public trans-
port as well as allocation of electricity and heat for space heating and domestic hot water
generation. In the future the existing links between those areas will get stronger as elec-
tric vehicles, distributed generation (DG) of electricity as well as heat generation by heat
pumps (HP) and combined heat and power (CHP) devices are linked by the electricity grid.
The political goal to reduce the carbon footprint in Europe is therefore reflected by major
changes in the energy sector. In Germany this leads to a growth in renewable energies,
combined heat and power as well as the use of efficient electric and heating appliances [3].
Traditionally the electric grid in Europe was designed to transport electric energy from large
power stations, connected to the transmission system, by means of different voltage levels
on the distribution system to the location of demand. Domestic users are connected to the
low voltage distribution grid. The dimensioning of the grid equipment, like cables, trans-
formers or circuit breakers, is calculated by experience values of house connection power
and the number of connected estates. The connection of generators and powerful loads
like heat pumps, however, was not incorporated in the design of the system and therefore
influence the grid operation in an undesirables manner. To ensure safe and reliable op-
eration, standards and guidelines on European and national level define the voltage and
current quality that can be expected on public grids and the requirements generators and
loads have to fulfil in order to connect to the grid.
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In order to reach the political and market expectations for the connection of photovoltaic
(PV), CHP and HP devices in 2020 it is necessary to implement measures that ensure
safe grid operation despite the influences of these appliances. From the perspective of
a manufacturer of heating appliances and photovoltaic inverters it is of special interest if
the next generation of appliances in 2020 has to fulfil additional requirements in order to
support the energy transition. As these appliances are mostly connected to the low voltage
grid the focus is set on this voltage level. The technical background and challenge as well
as the focus of this work are defined within the first chapter.

1.1 The Electric Energy System

The electric energy system can be structured into four parts. The generation of electric
energy, the transfer of electric energy, the demand of electric energy and the market for
electric energy [4]. Since the liberalisation of the energy market in Europe the electricity
transfer has to be separated from electricity generation and market. The traditional utility
companies that operated power plants as well as the electricity grids where forced to split
their businesses [5]. From a technical point of view the energy market is not necessary to
operate the electricity system. It is, however, necessary to operate the system economic-
ally.

The electricity transfer is structured according to the main purpose of the relevant elec-
tric grids into transmission and distribution systems. The transmission systems in Germany
are part of the Continental Europe Synchronous Area which is operated by members of the
European Network of Transmission System Operators of Electricity (ENTSO-E) [6]. In Ger-
many four transmission system operators are responsible to balance electricity generation
and demand. Therefore they are in charge to maintain a stable system frequency. On dis-
tribution level there are nearly 900 different grid operators [7]. The tasks of grid operators
are stated in the German energy economy act (Energiewirtschaftsgesetz - EnWG). Prin-
cipally grid operators are obliged to operate a secure, reliable and capable electricity grid
[8]. Traditionally distribution system operators are responsible for the reliablilty of the distri-
bution network and the voltage quality. But current and future challenges do also cover the
integration of renewable and distributed electricity sources into the grid and allocation of
system services towards the transmission system operators. Figure 1.1 shows an overview
on the electricity system and the different voltage levels.

Technically the electric grids are structured into high, medium and low voltage grids.
High voltage systems with 380 kV are solely used for transmission systems, whereas high
voltage grids with 110 kV are used within both, transmission and distribution systems.
Medium voltage grids with 20 and 10 kV and low voltage grids with 0.4 kV are only used
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Figure 1.1: Overview on different grid voltage levels of the electricity system (Based on [4]).
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in distribution systems. Additionally there are further voltage levels that are used in older
parts of the system or to cater special needs of the demand facility. The use of different
voltage levels arose historically from the economic optimisation of grids to the transferred
power [9]. Distribution grids with 10 or 20 kV depending on the load density, distribute the
electric power into rural or urban areas. Industrial plants and generators up to around
10 MW are connected here. The 0.4 kV grids distribute the power within villages and
city quarters to the residential and commercial end-users. Besides one and three phase
loads up to 300 kW also distributed generators like photovoltaic and combined heat and
power devices are connected to this voltage level [4]. Traditionally the electricity grid was
not smart. Smart in this context refers to the measurement and transmission of information
about the grid status. Nowadays, the transmission grid and parts of the distribution grid on
high and medium voltage level are already smart. The power flow through the lines can
be altered by FACTS (Flexible AC Transmission System) equipment. The grid status and
possible faults are visible and controllable from the central grid control rooms. When talking
about the 'smart grid’ that is yet to come it is always referred to the smart low and medium
voltage grid. The distribution system didn’t need to be smart, as there was a unidirectional
power flow toward the loads. The dimensioning of the cables and the transformer could be
based on empirical values [4].

The investment in grid extension is regulated by the German federal network agency
(Bundesnetzagentur). A incentive regulation is set in place to support efficient grid enforce-
ment. This incentive regulation rewards low yearly investments. Currently grid operators,

therefore, enforce their networks in order to cope with the current situation only [10].
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1.2 Regulatory Boundary Conditions

Legal and regulatory requirements define the boundary conditions for the operation of the
electricity system. On one hand standards define what conditions can be expected on the
grid and if or how devices are allowed to connect. On the other hand regulatory bound-
ary conditions define the cost effectiveness of different energy solutions and therefore their
market share and penetration on the grid. The same is valid for the cost effectiveness
of possible grid services. The current regulatory boundary conditions are in a phase of
adaptation to the changing conditions on the grid, especially to the integration of distrib-
uted generators. Therefore the current regulations, shown hereafter, do not yet support
high penetrations of generators or heat pumps nor possible solutions as described in the
following chapters.

1.2.1 Current Regulations

In principal there are three different types of regulations in the power systems context. Laws
and directives on national and European level, Grid operators’ requirements and standards.
Figure 1.2 shows the relations between the different regulatory documents in Europe an

Germany.
Grid Operator .
Law / Directive Requirgments Standard / Regulation
Valid for:
EU
DE

Figure 1.2: Relations between EU and German regulations

The Network Codes 'Requirements for Generators’ (NC RfG) and 'Demand Connection
Code’ (NC DCC) are developed by ENTSO-E and then transferred into European legisla-
tion by the comitology process. The codes shall ensure a stable and reliable operation of
the European electricity grids. The network code RfG states requirements for generators
(Pmax > 0.8 kW) regarding response to over- and under-frequency, frequency operation
range and remote control capabilities. The codes refers to national regulations [11][12].

The German renewable energy act (Erneuerbare-Energien-Gesetz) is the main driver for

the expansion of renewable energy generation in Germany. It contains regulations valid for
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renewable generators and efficient CHPs. It is the basis for the financial support of renew-
able generators and for their priority for grid connection. Remote control capabilities are
requested for certain types of generators [13]. The German low voltage connection direct-
ive (Niederspannungsanschlussverordnung - NAV) regulates the terms on grid connection
of demand facilities to the low voltage grid. The directive entitles grid operators to specify
additional requirements for the grid connection within a technical connection requirements
(Technische Anschlussbedingungen - TAB) document [14]. The TAB regulates the connec-
tion and operation of appliances on the low voltage grid. If required by the grid operator,
heat pumps have to be remotely controllable and implement a limitation of hourly start-ups.
Furthermore there are regulations for electromagnetic compatibility (EMC) and power qual-
ity (PQ) stated that refer to the European standard series EN 61000-3-2, -3, -11, -12 and
EN 50160. For generators it is referred to the German regulation VDE-AR-N 4105 [15].

On European level the standards for grid connection of generators to the low voltage grid
are structured by generator size. Generators with a current less or equal to 16 Ampere
are element of the EN 50438 while generators with a current of more than 16 Ampere are
subject to EN 50549-1. The regulations range from frequency and voltage response to op-
eration ranges and protection settings. The connection of and requirements on generators
on the low voltage grid in Germany is covered by the German regulation VDE-AR-N 4105. It
contains requirements on frequency and voltage response, operation range, power quality
and protection settings [16].

The Standards EN 61000-3-2 and -12 state limits for harmonic currents of electric ap-
pliances connected to the grid and their test procedures for appliances below 16 Ampere
and between 16 and 75 Ampere respectively. Relative voltage change and flicker limits as
well as the corresponding test procedures are defined by EN 61000-3-3 and -11 for appli-
ances below 16 Ampere and between 16 and 75 Ampere respectively [17][18][19][20]. The
voltage quality on European grids is defined by the EN 50160 standard. It states limits for
certain phenomena that can be expected at the point of common coupling in public high-,
medium- and low-voltage grids. Frequency, voltage altitude, waveform and balance values
are given for normal operation [21][22]. Relevant requirements regarding power quality,
connection and operation are stated in Table A.1 and Table A.2 respectively.

1.2.2 Future Developments

Looking back on the development in standards and legislation it can be anticipated that the
requirements on participation of end user appliances in grid services will increase in the
future. Regarding voltage control, for example, it is, to date, only required for generators
to participate in reactive power response. Possible developments could include, however,
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that generators and large loads are requested to participate in both, reactive and active
power response to voltage level violations. Active power response to frequency could also
be requested from loads instead of generators only [23]. Similar to today’s requirements
for generators it is likely that future requirements for both, generators and loads, will be
tailored to the size and location of the appliance. Regulations for appliances on the low
voltage grid will be different from requirements on the medium voltage grid.

It can be expected that the feed-in compensation for renewables and CHP systems will
be reduced. This increases the use of storage systems to increase the self consumption

rate which, again, reduces the influence of the systems on the grid.

1.3 Challenges to the Future Grid

The future electric grid faces challenges due to changes in the amount, the size, the kind
and the location of the connected appliances. The connection of large amounts of dis-
tributed generators to the medium and low voltage distribution grids, for example, lead to
reverse power flows on the distribution grid and introduce voltage level violations and other
issues. The intermittent operation of such generators, especially wind and solar, lead to
frequency control issues. Wind generators are likely to introduce flicker to the network if
no countermeasures are taken. A list with the network characteristics that are affected the

most is shown below:

* Network frequency
 Transients

* Flicker

* Harmonics

» Unbalance

* Voltage

» Fault tolerance

« Short circuit power

* Network loading

The transmission and distribution networks are facing different challenges depending on
the connected appliances and the main duty of the grid operator. In the context of the en-
ergy change PV generators and heat pumps get installed on low voltage distribution grids
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in high quantities. In a first step the technical challenges connected to this are approached
by sharpened regulatory boundary conditions like shown in section 1.2. The political goal
to increase the share of renewable energy and to reduce the country’s carbon footprint by
the use of highly efficient heating technologies like heat pumps and combined heat and
power appliances make additional technical measures necessary. On low voltage distribu-
tion networks voltage control is the main challenge regarding the integration of distributed
generators and powerful loads. Further challenges are unbalance and network equipment
loading [24].

Voltage level

Along with the frequency, the voltage level is the main parameter that electric appliances
rely on. In order to enable optimal operation the voltage level that can be expected on the
electric grid is defined in EN 50160 [21]. Traditionally the voltage supplied by the low voltage
transformer is nominal voltage or slightly higher in order to guarantee voltages within the
boundaries at every location in the grid. The voltage level in the grid is influenced locally by
loads and generators. Formula 1.1 shows the influence of active and reactive power flows
on the systems voltage [25]. Generated power is counted positive. Reactive power Q is

defined as inductive reactive power.

_P-R+Q-X

AV
Vv

(1.1)

It can be seen that the voltage level is influenced by active (P) and reactive (Q) power
as well as the resistance (R) and the reactance (X) of the network. Increased generation
(positive active power) increases the voltage level, while increased load (negative active
power) decreases the voltage level. The increased connection of distributed generators
and heat pumps therefore has an influence on the local voltage level in the distribution net-
works. Studies show that this can lead to violations of the upper [24] and lower [26] voltage
level boundaries. As shown in Equation 1.1 reactive power can also be used to influence
the voltage level. Reactive power voltage support is already compulsory for generators
according to VDE-AR-N 4105. The X/ R ratio of the distribution system defines the relative
influence of active and reactive power on the system’s voltage. For transmission systems
applies X/R >> 1, therefore reactive power control is very efficient. On low voltage grids,
however, the X/R ratio is around one or even lower. High reactive power flows are there-
fore necessary in order to influence the voltage of the system [27][28]. In order to control
the voltage level on distribution and especially low voltage grids efficiently it is therefore
necessary to adapt the control behaviour from a reactive power based to an active power
based logic.
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The violation of the voltage limits is seen as the main limitation for the connection of
distributed generators to the low voltage grid [26][27][29]. In order to enable the anticip-
ated number of PV, CHP and HP appliances on German grids until 2020 and beyond it is
important to understand the concrete limitations and possible measures for voltage regu-
lation. This is especially true from an end-users and manufacturers point of view as these

groups are directly economically influenced if the connection is limited.

Network Loading

Distributed generation and loads like heat pumps increase the loading on German dis-
tribution grids [30][31]. The reason for the high impact of distributed generators is that
especially solar power generators operate simultaneously and that the energy demand
and energy generation profiles do not match [30]. A further increase in equipment loading
is introduced by reactive power flows, used for example for voltage control [32]. Current
flow through equipment like transformers and cables cause a temperature rise due to the
internal resistance. The maximum load is defined by the thermal resilience. Equipment
failure and power outages can be the result of overload. Even though loading over the
rated power is possible for a limited period, it shortens the lifetime [33]. Within this work the
loading of transformers and cables is taken into consideration as a boundary condition. The
introduced measures are not optimised to reduce the equipment loading, but if equipment

is overloaded the cost for replacement is incorporated in the economic evaluation.

Unbalance

In three phase systems the voltage amplitude is meant to be the same in all phases
whereas the sine curves are shifted by 120° exactly. Unbalance is defined as deviation
from that optimal condition. The cause of unbalance is mostly the single phase connection
of loads and generators on the low voltage grid. The impact of small loads and generators
is regularly compensated by other single phase devices connected to a different phase
nearby. If, however, a range of devices, like PV systems, are connected to the same phase
the influence adds up an can lead to significant impact. Negative impacts are documented
for transformers, controls, distributed three phase generators and loads as well as power
electronic devices [24]. Generators and loads with powers higher than 4.6 kVA are there-
fore required to be connected three phase in order to limit unbalance on the network [16].
Within this work, appliances with powers lower than 4.6 kVA are connected single phase,
but arranged evenly to avoid unbalance on the network. Unbalance is therefore not taken

into consideration within this work.
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1.4 Current Status of Research

The transition of the electric energy system in Germany is in the focus of research. The
main research areas relevant for the integration of CHP, HP and PV systems on the distri-
bution grid are shown below.

Distributed generators and heat pumps

The main focus regarding the research on the German distribution systems is on PV in-
tegration. In Germany but also internationally the integration of PV is analysed regarding
voltage level violations and equipment loading like shown in [34][33]. CHP systems are of-
ten analysed regarding their load shift behaviour for load reduction, like shown in [35][36].
The influence of heat pumps and other large loads on the voltage level is shown in [37],
whereas demand side management of heat pumps is evaluated in [26]. Positive influences
of CHP and HP on the influence of fluctuating generation is evaluated in [38].

In order to evaluate the influence of PV, CHP and HP appliances it is important to evalu-
ate grids with all three kinds of appliances present. Currently research focuses on one or

two different kind of appliances within one study.

Voltage control measures - DSO based

Two extensive studies evaluate the necessity of grid extension and possible measures for
cost reductions for high, medium and low voltage grids in Germany [39][10]. [10] states the
need for the construction of 57,000 km cables and the installation of 34,000 MVA additional
transformer power until 2030 in the low voltage grids alone in order to enable the anticip-
ated growth in renewable energies. The costs necessary to enable the transition of the
energy system is quantified with 27.5 to 42.5 billion Euro between 2013 and 2030 [10] and
36 billion Euro between 2013 and 2032 respectively [39]. The necessary invest in the low
voltage grid, however, is only 13 % of the total costs [10]. The highest invest is necessary in
the medium voltage grid. The necessity of investment is highly variable between the differ-
ent grids [39]. The use of innovative equipment can reduce the overall costs by up to 50 %
[10] and is even able to avoid the necessity of new cables in the low voltage grids [39]. The
evaluated measures for voltage stability in these and other studies range from Distribution
System Operator (DSO) based grid extension [10], on-load tap-changers [40][41], auto-
transformers [42] and distribution grid FACTS [43] to end-user appliance based measures.
Furthermore the voltage regulating influence of distributed and central storage facilities is
evaluated [30].
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On-load tap-changers (OLTC) are identified as a low cost alternative to cable based grid
extension. Line drop compensation (LDC) can provide an optimised control of the OLTC.
LDC allows to keep the voltage within a defined range at a specified location within the
grid [44]. If different feeders have highly different penetrations with loads and generators,
the OLTC technology is limited, as only the voltage in the whole grid can be changed
and there is no possibility to adapt the voltages in different feeders differently [45][46].
Autotransformers can be used to influence the voltage in one or more specified feeders
individually [47]. Electric storage is identified to reduce the necessary grid extension. The
investment costs for the storage, however, are not considered [10]. FACTS are widely used
for voltage control on the transmission system [48]. The use on distribution networks is
discussed [49][50]. Two variations that can be used for voltage control on low voltage grids
are the intelligent node and the distribution STATCOM (STATic synchronous COMpensator)
with additional energy storage. The intelligent node connects two feeders that are regularly
operated in radial configuration at their ends in order to shift power flow from one to the
other feeder which reduces the voltage rise or drop. This end-to-end connection with the
intelligent node does, however, not increase the short-circuit current of the system [51]. The
intelligent node is of special interest if the two connected feeders have different power flow
profiles. For example if one feeder has a high heat pump penetration, while the other feeder
has a high PV penetration. In this case the intelligent node can optimise the utilisation of
both feeders. The distribution STATCOM is a voltage source converter connected in parallel
to the grid [49][50]. Additional energy storage enables active power control in grids with a
low X /R ratio.

The dena (German Energy Agency) distribution grid study shows the necessity to ex-
pand the electricity grids in order to facilitate the energy change in Germany. One major
recommendation is the adaptation of existing guidelines and anticipatory grid planning.
Furthermore the necessity of further research especially on the economics of measures
for voltage control is stressed [10]. As a first step, this work evaluates the technical and
economic feasibility of different measures on the low voltage grid from different perspect-

ives as shown in section 1.5.

Voltage control measures - appliance based

Appliance based measures for voltage control reach from active and reactive power control
of generators [52][53] to demand side management of heat pumps [54][55]. Even though
OLTCs are identified as the superior solution compared to reactive power control of PV sys-
tems [42], reactive power control has the potential to increase the penetration of PV [56].
Reactive power control on low voltage grids is discussed critically, especially as the addi-
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tional reactive power flows add loading to the network. Alternatively active power voltage
control is discussed. The reduction of generation peaks, mainly by PV, is identified as a
potential for cost reductions. The evaluation is, however, mainly focused on large PV sys-
tems that are already remotely controllable by DSOs and do get financial compensation
for power reductions [39][10]. The reduction in generated energy is, however, connected to
economic losses for end-users [24]. Demand side management is not seen as major po-
tential for the reduction of grid extension investments [39]. There is no negative influence
on the end-user comfort detected, when operating heat pumps according to a time table
as demand side management [26]. Demand side management of heat pumps for voltage
control, however, can reduce the comfort of the end-user [46].

The current literature offers a wide selection of different voltage control measures that
are evaluated individually or compared to each other. This work builds on this existing

knowledge on possible voltage control measures.

Focus of the economic evaluation

Many studies, like the dena distribution grid study [10], focus on the costs for the DSO and
evaluate the relative savings potential of alternatives to grid extension. Some studies do
also take costs for generator management or losses for end-users into account [39][53].
Two different approaches can be found in literature. The bottom-up approach evaluates
how much the penetration can be increased by different measures. Example is a study
on the possible increase of PV systems depending on active and reactive power control
and on-load tap-changers [53]. Alternatively the top-down approach is used, where the
anticipated penetration in the future is used as the base case to predict the necessary
measures for integration [39][10].

From a manufacturers point of view it is important to consider the costs for all parties. In
order to evaluate the costs to integrate the anticipated number of appliances in 2020 a top-
down approach should be used. Currently there is no work that combines the consideration

of costs for all parties and the top-down approach.

Evaluation of the current status of the research

The current status of the research does not represent the manufacturer’s point of view re-
garding the integration of CHP, HP and PV systems into the low voltage grid. The combined
influence of CHP, HP and PV systems on the grids voltage and on each others operation
has to be evaluated in order to predict the behaviour in real grids. The role of these appli-
ances in a voltage control concept in 2020 and the economics for the system operator and
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the end-user have to be quantified. This is also necessary as input to the overall discussion
like requested by [10]. Section 1.5 defines the focus of this work.

1.5 Focus Definition

Manufacturers point of view

As identified above, distributed generators and large loads are critical regarding grid con-
nection. As more and more such appliances are connected to the grid and connection
restrictions are introduced, appliance manufacturers are interested in the detailed mech-
anisms. Bosch is a manufacturer of heat pumps, combined heat and power appliances
and photovoltaic inverters. Most of these appliances are connected to the low voltage grid.
This work, therefore, focuses on the integration of these devices into the low voltage grids
in Germany. In order to identify possible requirements for the next generation of the appli-
ances, the focus is set on issues, restrictions and solutions in 2020. Electro mobility and
the influence of automotive battery charging on the grid is therefore not evaluated. The
goal is to define the role of end-user appliances for their integration into the low voltage
grids in Germany.

Starting point is an analysis on possible penetration levels of those devices in 2020. All
measures are evaluated according to their capability to integrate the anticipated penetra-
tions. This top-down approach is chosen as it is the manufacturers interest to support the
political and societal goal to transform the energy system by providing carbon saving tech-
nology. Connection restrictions due to technical issues are therefore a part of the problem
and no part of the solution. The goal of the transition of the energy system is CO, reduc-
tion. Therefore the influence of different solutions on the CO, balance is evaluated. From

a manufacturers point of view the research questions hence are:

» How can the anticipated numbers of CHP, HP and PV appliances in 2020 be integ-
rated?

+ Can the appliances support this process by their functionalities without compromising
the end-user satisfaction?

Technical point of view

The connection of distributed generation, of which a major part renewables, now introduces
two challenges to the grid. These two have to be strictly separated. First these new gen-
eration technologies are often fluctuating in power output (e.g. wind, photovoltaic) and are
situated in rural and remote areas. This means that the power has to be transferred to
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the location of demand and the matching of generation and demand gets more complic-
ated. The frequency control is the responsibility to the transmission system operator and
therefore not discussed within this work.

Secondly many of these new generators are now connected to grids in the low and me-
dium voltage level that were never meant to connect generators. The feed in of power into
these grids that were not designed, not in dimensioning nor in operation, to handle gener-
ators, leads to local problems. On the low voltage grid the voltage level and the equipment
loading are identified as the main issues (see section 1.3). These local issues cannot be
solved in the transmission system, but have to be solved locally. A range of measures that
allow for the integration of the anticipated number of HP, CHP and PV devices are evaluated
in this work. The measures are partly implemented by the distribution system operator and
partly implemented in smart devices at end-user level. Chapter 4 gives a detailed over-
view on the compared measures. Technically the measures are evaluated according to
their capability to ensure voltage levels within the EN 50160 boundaries and their capab-
ility to ensure equipment loading within the operational limits. The grid’s frequency is not
considered as this is the responsibility of the transmission system operator, like discussed

above. The technical point of view thus raises following research question:

» How can the different measures ensure the compliance of the voltage level to EN 50160

boundaries?

End-Users’ point of view

From an end-user’s point of view the security of supply, the costs and the comfort level
are important for the evaluation of the technical measures for voltage control. The security
of supply is considered mandatory and not discussed further. The economic evaluation
of the different measures is based on the total costs. Depending on the measure there
are invest and operation costs for the end-user, the DSO or both. In order to reach the
installation goals in 2020 it is not only important that it is technically feasible, but also that it
is economically feasible. The technical feasibility can be assured by a range of measures.
The economic feasibility is influenced by costs for the DSO that have to be covered by all
grid users and increase the electricity costs. Furthermore it is influenced by the costs for
end-users that directly influence the invest into carbon saving technologies. Additionally it
is important that the end-user comfort is not reduced significantly by the implementation of
measures in order to reach the installation goals in 2020. The influence of the measures
on the heating capability of CHP and HP devices is therefore evaluated. The end-users’
point of view introduces the following research questions:
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+ What are the most economical measures to integrate the anticipated number of CHP,
HP and PV appliances?

» How can comfort reductions be reduced to a minimum?

As shown above, the energy transition in Germany and other carbon saving activities
in Europe have a major influence on way the electricity system is planned, operated and
regulated. In order to enable the European and German goals it is of special interest to
evaluate how CHP, HP and PV appliances can be integrated into the low voltage grid most
economically. Technically the voltage level compliance is identified as the biggest hurdle
to the grid integration. In order to answer the research questions raised above, this work
is based on a grid simulation model that is used for the evaluation of the different meas-
ures, which is discussed in chapter 2. Chapter 3 quantifies the voltage level violations in
2020 whereas chapter 4 defines the considered measures that are based on grid equip-
ment or end-user appliances. The evaluation of the measures according to effectiveness,
system operator and end-user economics, comfort and environmental influence is shown
in chapter 5. Chapter 6 summarises the results, evaluates necessary changes in grid plan-
ning and connection requirements in order to enable the most cost efficient approach and

gives an outlook on further work.
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In order to evaluate the voltage behaviour as well as the equipment loading of grids with
high penetrations of generators and high power loads the simulation tool DIQSILENT Power-
Factory is used. PowerFactory offers two programming environments, one can be used for
control of the simulation environment (Digsilent Programming Language - DPL) and the
other for dynamic modelling (Digsilent Simulation Language - DSL). Figure 2.1 shows the
simplified structure of the modelling concept. Within PowerFactory a physical grid model is
combined with an power based component model. The grid model is build on two dimen-
sional topology data as well as equipment specifications. The interface between the grid
model and the component model is at the point of common coupling (PCC) of the houses.
In every simulation step the two models exchange information on energy and grid status.
The power based model of the house includes models of the heating system, PV generator,
battery and a energy management system. The tool BTSL (Building Technology Simulation
Library) is used to create heat demand profiles for space heating and domestic hot water
(DHW) demand. The BTSL is a Matlab/Simulink library created by Bosch which contains
verified component and house models. It can be used for extensive thermal and electric
building simulations. The thermal simulations within the BTSL are based on TRNSYS. The
same tool is used to extract the underlying weather data and synthetic electric load profiles.
The profiles are described in section 2.1. In order to speed up the simulation process the
individual load profiles for every house are created in advance and read by the interface

during the simulation.

2.1 Load Profiles

To simulate the grid behaviour with connected CHP, HP and PV appliances it is important to
provide the appliance models with correct boundary conditions in order to simulate correct
behaviour. The heat appliances depend on a realistic heat demand that depends on user
behaviour, environment temperature, irradiation and house insulation level. The PV model
depends on realistic irradiation and temperature data and on information about the mod-
ule’s alignment. To reproduce realistic power flows it is additionally necessary to provide
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Figure 2.1: Modelling concept

an electric load profile for every house. In order to ensure realistic behaviour, correlating
thermal and electric profiles as well as weather data have to be used. The VDI 4655 elec-
tric load profile [57][58], self created artificial profiles [59][60][61] or exemplary measured
profiles [62] are used in literature.

Artificial electric load profiles could be generated within PowerFactory using behaviour
profiles and appliance power demands. This would, however, increase the simulation time
without having an additional positive influence on the simulation results. It is therefore
chosen to import electric load profiles generated outside the PowerFactory environment.
The thermal load profile consists of a thermal load for heating and a load for domestic
hot water. For the DHW profile it is, as for the electric profile, possible but not sensible to
be created within PowerFactory. The heating demand could be calculated using weather
data like environment temperature and irradiation and an adequate model of the houses
thermal properties. Henkel' developed a thermal house model within the PowerFactory
environment but proofed simple models to be insulfficient. It is therefore chosen to import
an adequate heating demand profiles created outside PowerFactory.

"Bachelor Thesis (see page 160)
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2.1.1 Types of Load Profiles

Principally it can be distinguished between measured load profiles and synthetic generated
load profiles. Measured load profiles can not be generalised without knowing the exact
composition of the loads, as scaling leads to higher peak demands which are not realistic.
Furthermore those profiles can not be adapted to different boundary conditions if the exact
boundary conditions of the measurement are not known. This is especially true for thermal
load profiles, as they depend on the type of building as well as on user behaviour. The
electric load profile is a combination of user independent loads, like the heating system, and
user specific loads like computers or lights. Therefore a scaling between households with
a different number of people is not possible. Measured profiles do, of course, represent a
real household and can satisfy the need for correlating thermal and electric profiles. When
using appropriate equipment, even the need for appliance exact profiles can be satisfied.
Such a measured profile, however, does represent one specific behaviour only and is not
suitable for generalisation.

Synthetic profiles are not identical to one real exemplary user profile but are synthetically
created to be representative for a user type. The generation can be based on simulations,
statistic behaviour patterns or by recreating exemplary user behaviour. The main advant-
age of synthetic load profile generation is the possibility to create a range of profiles for
different user behaviour. As the boundary conditions for the profiles are known the profiles
can easily be adapted to other house types or more people. Synthetic profiles therefore do
not have to be scaled to be adapted to higher energy consumptions. The disadvantage of
synthetic profiles is that they are not realistic on their own terms, but have to be validated
against real measured profiles.

The standard VDI 4655 provides a combined synthetic and measured profile. The profile
was created from measured data, which where compared to a mean value to choose the
closest profile. There are however some drawbacks to that profile. The electric load, the
hot water demand and the heating demand are given as percentage of the annual demand.
As the electricity profile is generated of measured data it is not easily scaled to other types
of households. The standard gives a normalised profile which is multiplied by the total
electricity demand. This way the peaks of the profile get higher too. This, however, does not
reflect the real behaviour where the total demand rises but the magnitude of the peaks does
not at the same rate, as the peak loads stay the same (e.g. electric oven). Furthermore the
stated electricity demand of 5250 kWh for a 3 person household is quite high. In contrast
to the electricity and hot water demand, the annual heating demand is not given in the
standard. Therefore the heating demand of the considered house has to be assumed or
extracted from other sources [63].
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To simulate the urban (324 households) and suburban (166 households) grids it is ne-
cessary to use a sufficient number of non-identical load profiles. As pointed out above it is
furthermore necessary to use coherent thermal and electric profiles. As measured profiles
that would fulfil this requirements are not available for this work, synthetic profiles are used.

2.1.2 Load Profile Generation

The synthetic load profiles for the use within this work are created in two steps. First
user behaviour profiles for a number of different household types are created. These user
behaviour profiles contain information about heating temperature settings, frequency and
duration of hot water tapping as well as usage of electric appliances. Secondly the heating
and DHW behaviour profiles are used to simulate the corresponding heat demand. The
BTSL is used for this purpose. Within this tool a number of house types are available
to generate realistic thermal load profiles from the consumer behaviour profile. The heat
demand for hot water is generated by the user’s hot water demand profile. The weather
data used for the BTSL simulation is identical to the weather data used within this work.
The electric profile is automatically created by linking the electric user behaviour to the
corresponding power demand of the appliances. By the joint generation of thermal and
electric load profiles it is secured that they match. All profiles below are created using the
location setting Stuttgart, Germany. Section B.1 shows an overview of the generated load
profiles.

To justify the usage of the generated profiles they have to be compared to other profiles.
Figure 2.2 shows the validation exemplary for one day. The measured profile is based on
measurements in a Bosch test house, the VDI 4655 standard profile on a three people
household and the generated profile on the 'Standard 2’ three person household. It can be
seen that the profiles are consistent in having rather short and high power peaks distributed
over the day. The measured and the generated profile show similar behaviour regarding
the height and duration of the peaks, whereas the semi-artificial VDI profile shows higher
base load and lower power peaks. In this context it has to be noted that the VDI 4655
profile is defined as the reference load profile of single-family houses for the use of CHP
systems’ [63] where high base loads are advantageous.

The gained load profiles are distributed over the grid. As there are more houses/flats
than load profiles, the load profiles are shifted to earlier and later times, so every profile in
the grid is different. The yearly energy consumption is 538 MWh for the suburban and 885
MWh for the urban grid whereas the maximum power demand is 390 kW for the suburban
and 538 kW for the urban grid. For the household loads a cos(y) of 0.95 (inductive) is
assumed [48], so the maximum transformer loading is 411 and 566 kVA respectively. This
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Figure 2.2: Examplary day profile of VDI 4655, Measured and Generated Profile

results in an per household load of 2.5 kVA for the suburban and 1.8 kVA for the urban grids.
DSOs typically use maximal values of 3.5 kVA for single family houses and 1.5 kVA for multi
family houses for the dimensioning of transformers.? Compared to the HO profile the grid
profiles show higher peaks but the same shape (see Figure B.1 and Figure B.2). The
higher variability is due to the small number of houses within the grids. Overall the created
individual load profiles as well as the consequent grid profiles show realistic behaviour.
The yearly heat demand of the generated profiles varies with the different house types.
Table B.2 shows an overview. The average relative heat demand per square metre living
area is shown in table Table B.3. It can be seen that it is classified as low for the new
buildings, medium for the refurbished detached and the old multi family house and high
for the old detached house according to the German heating index [64]. Consequently the

heat demand profiles can be assumed to show realistic behaviour.

2.1.3 Weather Data

Weather data are important for the generation of the heating profile as heat gains and
losses depend on solar irradiation and environmental temperature respectively. The mod-
els for CHP and HP systems are therefore indirectly influenced by that data. Photovoltaic
systems are directly influenced by irradiation as well as temperature data. Within this work
weather data is used in the IWEC (International Weather for Energy Calculations) format
as this is also the basis for the Bosch internal BTSL calculations. This format is defined
by ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning Engineers)
and merges real monthly weather data to a typical year. The U.S. department of energy

provides this IWEC data for over 1000 locations in over 100 countries [65]. Out of many

2RWE Westnetz GmbH transformer dimensioning (correspondence with U. Sezeneler)
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available parameters for the different locations the air temperature and the solar irradiation
are used to create the weather profile.

2.2 Component Models

As shown in Figure 2.1 the energy based house model is divided into a subset of modular
component models. The models of the appliances consist of six different sub-models which
are described below. Some models (e.g. Inverter model) are reused several times. The
appliance models represent the appliances within the households that are not already in-
cluded in the load profiles. The six sub-components are inverter, combined-heat-and-power
system, heat pump, heat storage, photovoltaic module and battery. Additionally there is a
model for the central energy control. Within this controller the voltage control measures are
situated. The functionality depending on the used measure is described within chapter 4.

2.2.1 Inverter

The inverter model is used for all inverters and parametrised to the different application.
The model acts as the interface between the appliances, like PV, CHP and HP and the
electric grid. Figure 2.3 shows a block diagram of the inverter model. On the left side
Pin represents the information on the active power flow between appliance and inverter.
On the right side Poyt and Qo represent the information on the active and reactive power
at the grid interface. All other in- and outputs are used to control the active and reactive
power flows by the control algorithms shown in chapter 4. The value P, is defined as
the aimed power of CHP or HP at the grid interface. The power signal to the appliance
(Paim app) therefore has to be adapted by the inverter losses. For the control of PV systems
a limitation to Pmayx is used. The aimed reactive power (Q,im) is not adapted and therefore
forced at the grid interface. The output power is limited to ensure that the nominal apparent
power (Snhom) Of the inverter is not exceeded. Necessary input signal is the current power
of the connected device. Output values are the active and reactive power at grid side. All
other values can be used optionally. In regular operation the power factor is one and the
output power is a function of input power and losses. The losses are calculated according
to Equation 2.1 [66].

S S \?
Plosses = Snom ' (pself +pvoltage ) 57 + Presistance <S) ) (21)
nom nom

The power losses are dependent on the nominal apparent power of the inverter, the cur-
rent apparent power and reactive power and on three constant parameters that represent
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Figure 2.3: Block diagram of inverter model

the standby losses (ps.i¢), the voltage dependent losses (pyoiiage) @and the current depend-
ent 10sses (presistance)- 1he Nominal apparent power is given by the model parametrisation
and characteristic for the inverter. The current apparent power is calculated from the cur-
rent active and reactive power flows. The standby losses are not dependent on the power
flow. The voltage dependent losses are losses at diodes and transistors and are propor-
tional to the power flow. The current dependent losses are losses at impedances and rise
proportional to the square of the power flow. The parameters are shown in Table 2.1 and
the efficiency dependent on the standardised power in Figure 2.4.

Table 2.1: Parameters of inverter efficiency [66]

Parameter Value

Dself 0.00724 kW/kWp
Puoltage 0.0181

Presistance 0.028 kWp/kW

Within this work one inverter model is used for all appliance types. In reality the power
electronics and efficiencies are different in different applications. As it is not the goal to rep-
resent on special appliance but rather the characteristic system behaviour within this work
these differences are seen negligible. As shown in Figure 2.4 the principle characteristics
like high losses at low powers and the highest efficiencies at 30% to 50% of nominal power

are reflected by the used model.
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Figure 2.4: Efficiency characteristic of the inverter model

2.2.2 Combined Heat and Power System
Modelling

Three different types of micro CHP are modelled within this work as they represent the cur-
rently available technologies: Stirling engine; internal combustion engine (ICE) and exem-
plary for the fuel cell technology, solid oxide fuel cell (SOFC). The micro CHP is modelled by
a electric and thermal efficiency. The efficiencies are used to calculate the thermal power
output dependent on the electric power that is set by a proportional controller dependent on
the heat storage temperature. The electric and thermal efficiencies of the different techno-
logies are shown in Figure 2.5 and Figure B.3. Table 2.2 shows the maximum efficiencies.
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Figure 2.5: CHP electric efficiency

Two different controllers are implemented. One for the solid oxide fuel cell (SOFC) and
one for internal combustion engine (ICE) and Stirling engine CHP systems. Figure 2.6 and
Figure 2.7 show the different hysteresis of the SOFC and ICE / Stirling engine CHP models.
The SOFC is operating on maximum power in space heating (SH) mode and reduces the
power if the hot water (HW) storage reaches a limit temperature. As the SOFC shut down
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Table 2.2: Maximum efficiencies and nominal electric power of CHP technologies

Stirling Internal Solid Oxide
Engine Combustion Fuel Cell
Engine
Tlth_max 0.85 0.70 0.48
Tel_max 0.13 0.25 0.46

is not dependent on the tank temperature but on other internal parameters, a shut down
is not implemented but the SOFC can operate at minimum power level even if the heat
storage is fully charged. This is an appropriate simplification, as the SOFC shuts down
only a few times a year. The other CHP technologies are modelled by a hysteresis that
shuts down the system at maximum tank temperature. Depending on the temperatures of
the space heating and the HW buffer tanks it is decided which one is charged. Regularly
the CHP systems are operated heat controlled. Additionally it is possible to activate a
power controlled mode. This mode deactivates the proportional controller and only verifies
if the aimed power can be generated depending on the storage temperatures. If this is
possible the aimed power is set as electric power output. As micro-CHP systems are
always installed with a peak boiler they can be power controlled independent of the tank
temperatures. However, if the maximum tank temperature is reached the CHP systems
have to reduce to minimum power (SOFC) or shut down (ICE / Stirling). The proportional
controller is used to calculate the electric power output. The maximum electric power of

the CHP system can be parametrised individually.

Pchp
A
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— Heat controlled SH
S T T T 5
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Figure 2.6: SOFC CHP controller
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Figure 2.7: ICE and Stirling engine CHP hysteresis
Validation

All appliance models that are used for the grid simulation are not specified to represent
one specific type, but rather to represent the general kind of application. This is as in
real grids many different types are installed and to reproduce the grid’s behaviour it is only
necessary to represent the general behaviour. Therefore the models are validated using
verified simulations and / or measurements of similar appliances to verify the principal
behaviour. The SOFC model on PowerFactory is compared to the verified SOFC model
in the BTSL. Both models operate on maximum power during the complete heating period
and on variable powers during the summer. Using the same nominal power and heat
load profile the PowerFactory model generates 97% of the electric energy per year that is
generated by the BTSL model. This shows that the PowerFactory model represents the
general type of SOFC CHP.

ICE and Stirling engine CHP system do not operate constantly during the heating period.
Therefore a separate validation of the model is necessary. As no validated simulation
model is available the PowerFactory model is compared to a measurement of a 4.7 kW
ICE CHP installed in a Bosch test house (single family house). As the thermal load profiles
do not match for the simulation and the measurement, relative values are compared. Using
the same nominal power, the average electric power generation during times of operation
differs by 1.8% between the model and the measurement. The average thermal efficiency
differs by 1.4%. The model and the measurement show an average of 3.5 starts per day.
This confirms the ability of the PowerFactory model to represent the general type ICE /
Stirling CHP.

2.2.3 Heat Pump System
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Modelling

The heat pump is modelled by a function of electric power and the coefficient of perform-
ance (COP) depending on environmental conditions. The HP model can be parametrised
as a air/water or brine/water heat pump. The performance is dependent on the supply tem-
perature of the heating system and on the ambient air or brine temperature depending on
the type of heat pump as well as on the nominal heat power. The ambient air temperature
is given by the weather data and the supply temperature is provided by the heat storage
model. The brine temperature is assumed to be a constant value (3.38°C) which is the
average brine temperature during the heating period according to [67]. Figure 2.8 shows
the COP exemplary for a 6kWy, air-water and brine-water heat pump depending on the

outside air temperature.
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Figure 2.8: COP of 6kWy, air-water and brine-water HP

A proportional hysteresis controller is used to control the heat pumps electric power. The
electric power of the heat pump is a function of the tank temperature. The hysteresis can
be seen in Figure 2.9. In a first step a decision is taken which tank is relevant for the
heat pump hysteresis controller. The hot water tank has priority and a second hysteresis
controller is set up to switch between the two tanks depending on their temperatures. The
hysteresis shown in Figure 2.9 is valid for both storages but the temperature levels T1, T2
and T3 are parametrised differently. The operating point and efficiency model calculates
the current possible electric power and the thermal efficiency from the ambient and supply
temperature. The maximum heat power of the heat pump is a parameter, defined individu-
ally for each house depending on the heat demand. If the temperature in one storage falls
below the level of T3, an ancillary heater is switched on. Additionally a power controlled
mode can be used. In this mode the heat supply for the house is not considered but the
heat pump operates on the given aimed power. Two constrains are considered in the power
controlled mode: The minimum power (0.5 Pyax) must not be undercut and the maximum

tank temperatures must not be exceeded.
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Validation

Simulating the same building type and user behaviour, the comparison of the PowerFactory
heat pump model and the BTSL model shows a difference in generated heat energy of
2.7% per year. This difference is partly due to differences in heat losses between the
detailed building simulation in the BTSL and the simplified model in PowerFactory. The
PowerFactory model uses the electric heater for 5.3 % of the yearly heat generation. The
standard dimensioning rule is 5 % of the yearly heat production. The number of yearly
startups differ between the BTSL model, the PowerFactory model and the measurement
from the Bosch test house. The used model, however, is situated exactly in the middle
between the other two regarding the number of yearly startups. The PowerFactory heat
pump model is therefore seen as a good representation of the principle operation pattern

of heat pumps.

2.2.4 Heat Storage

The hot water storage tank model is used for CHP as well as HP applications. The heat
storage tanks are modelled by a zero dimensional heat capacity model. To model limita-
tions in the storage capacity due to changing supply and return temperatures the model is
temperature based. The temperature change is defined by Equation 2.2. The heat power
of the heat source (Qheatsoume) is calculated by the CHP or HP model, the heat load (onad)
is defined by the load profile. The specific losses (Qlosses) assumed for the DHW and buffer
tanks are shown in Equation 2.3 and Equation 2.4.% The losses consist of a volume inde-

pendent part and a part that is dependent on the tank volume in litre. The heat capacity of

3Losses according to Buderus Logalux data sheet (2012)
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the storage is defined by the product of water volume (Viui), the density of water (pyater)
and the specific heat capacity of water (cyater)-

T _ Qheatsource - Qload - Qlosses (2 2)
Viank - Pwater * Cwater
. w
Quoss pHw = 34.6 W +0.228 T VDHaW tank (2.3)
. w
Qloss buf fer = 283 W +0.224 — - %uffertank (24)

l

The state of charge (SOC) is defined by the current temperature as well as the minimum
and maximum temperature. The minimum and maximum temperature of the tank is the
supply temperature and return temperature respectively. The CHP system deviates from
this setting as the heating buffer tank is allowed to be charged to the hot water supply tem-
perature level. This enables a larger storage capacity without compromising the efficiency.
The HP systems efficiency decreases with increasing supply temperatures, therefore the
hot water temperature level is lower too. The supply temperature (ST) and return temper-
ature (RT) are determined via a heating characteristic shown in Figure 2.10. The max-
imum values for ST and RT depend on the house and heating system and can be found in
Table B.4. The buffer tank size varies in single family houses between 490 and 550 litres
and in multi family houses between 2800 and 3200 litres. Similar the domestic hot water
storage has 250 to 300 litres in single family houses and 950 to 1100 litres in multi family
houses. These high values for the storage volumes are chosen to compensate the non

existence of the heating circuits’ and the house’s heat capacity within the PowerFactory

model.
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Figure 2.10: Heating characteristic to determine supply and return temperature

2.2.5 Photovoltaic System
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Modelling

The PV model consists of three sub models. First the sun position is calculated depending
on the time and the geographic position. Secondly the tilted irradiation on the PV panels
is calculated using measured direct and global irradiation data, the sun position and the
parameters for direction and tilt of the module. Thirdly the DC output power of the PV
module is calculated using a efficiency function depending on the outside temperature and
the tilted irradiation. The irradiation on the tilted panel is calculated according to [68].
Equation 2.5 to 2.8 show the basic correlations.

Egiobat titted = Edirect titted + Erefiected titted + Edif fuse titted (2.5)
Edirect,tilted = f(Edirect,horizontab etilteda ’Ysun) (26)
Ereflected,tilted = f(Eglobal,horizontalv Aforegrounda ’Ymodule) (27)
Ediffuse,tilted = f(Eglobal,horizontala Edirect,horizontalv Vmodule) (28)

Where E is the global, direct, reflected or dif fuse irrediance either on a horizontal
or tilted surface. Oyeq IS the angle between the sun direct irradiation (Fge:) and the
normal vector on the tilted surface. ~s., is the angle between the horizontal surface and
the direct irradiation while ~,,.quie is the angle between the horizontal and the tilted surface.
Atoreground 18 the foreground’s albedo. Figure 2.11 shows the overview for the calculation

of the direct irradiation on a tilted surface. For the detailed model it is referred to [68].

Tilted
surface of
PV module

Edirect,horizo ntal

<
<

Horizontal surface

Figure 2.11: Overview of the geometric data for the calculation of the direct irradiation on a
tilted surface

The efficiency model is based on [69] and [70]. The empiric model by [69] can be seen
in Equation 2.9 and the used parameters a; to a3 and « by [70] in Table 2.3. T, is the
ambient temperature of the PV panels.
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nev = (a1 + a2 - Egiopal titted + 03 - In (Egiopat titted)) - (1 + o - (Tymp — 25°C)) (2.9)

Table 2.3: Parameters of PV efficiency model

Parameter Value

al 0.039329
as -0.000013
as 0.012056
o -0.003910

Validation

The PowerFactory PV model generates 958 kWh/kW .o« per year in a reference system
with 10.8 kW,eak directed to south with an roof angle of 30°. This is realistic behaviour
according to [71], even though new PV systems reach higher efficiencies. The PV model

is therefore seen as a good representation of general PV generators.

2.2.6 Battery System

The model of a lithium ion battery is based on the SAFT Intensium Flex - Energy Module.
Figure 2.12 shows the principle structure of the model.

Paim Icell ASOC lout Pout

| = _ | = _ P=
™ fvRP) > / ™ fasoc) " qvRi >
A A
v SOC
Rcell R= Rcell
f(soC)

Figure 2.12: Battery model overview

The cell power (P,im) is calculated using input power and number of cells. The aimed total
input power is given by the central energy manager. The resulting cell current is calculated
from Equation 2.10 and Equation 2.11 as a battery can be seen as voltage source. The
cell voltage can therefore be calculated as the sum of the open circuit voltage Vooy and
the voltage drop or rise by the current flow over the internal battery resistance. R..; is
calculated depending on the current state of charge (SOC) according to Equation 2.12.
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The function of the cell resistance was fitted to data sheet values of the SAFT Intensium
Flex - Energy Module.* The fitting factors Ay to Dy are shown in Table 2.4.

Peett = Veetr - Ieett = Vocov + Reetr * Leeir) - Leeit (2.10)
Vocv ( Vocv > > P
Leen = = + + 211
! 2Rceir \/ 2Rceir Reen ( )
Reey = Ag + Br - SOC + Cg - SOC? + D - SOC® (2.12)

Table 2.4: Parameters of battery cell resistance

Parameter Value

Ag 0.113

Br -0.00231
Cr 0.0000283
Dgr -0.0000001

The change in SOC is calculated by the cell current and the cell capacity which is 45 Ah.
During SOC calculation the SOC is limited between minimum and maximum value, this
ensures that there is no current flowing if the battery is already full or empty. The new SOC
is used to calculate the cell resistance. Using the cell capacity and the calculated change
in SOC the real cell current (Ioyt) can be calculated which is used to calculate the real cell
power (Poyt) using the cell resistance (Reer)-

2.3 Grid Topology

To obtain realistic behaviour, real grids are chosen for the simulation. An urban housing
estate and a suburban detached houses estate grid, examined and evaluated by Scheffler
[72], are implemented in PowerFactory. These grids represent existing old grids. Despite
ambiguity regarding the meaning of the terms urban and especially suburban, these grid
topologies are referred to as urban and suburban hereafter [73]. In order to evaluate the
behaviour of new grids with the same topology, artificial grids are created by changing
cables and transformer of the real grids.

*Internal Bosch Study by K. Biidenbender and M. Braun; Fraunhofer IWES 2010
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2.3.1 Urban Grid

The urban grid is situated in a 36 houses inner city community. The buildings with nine flats
each were build between 1910 and 1915. The grid is a meshed grid fed by several trans-
formers which is operated as a star grid due to open circuit breakers. The grid examined
by Scheffler is partly refurbished. This leads to different cable types being used [72]. To
create an old grid the original cables are used in all feeders. The new grid is equipped with
state of the art cables and transformer.® Figure 2.13 shows the grid topology, Table 2.5
the cable and transformer types. The exact cable and transformer specifications can be
found in section B.3 and section B.4 respectively. Both urban grids are characterised by
the maximum load of 597 kVA according to the load profile mix described in section 2.1.
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o —0
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Figure 2.13: Grid topology of German urban low voltage grid [72]

Table 2.5: Cable and transformer types of urban grids

Grid Urban Old Urban New
Number of Houses 36 36
Transformer Power (kVA) 630 630
Main Cable Type NAYY 4x70 NAYY 4x150
House Connection Cable NAYY 4x25 NAYY 4x35
Type
Longest Feeder (m) 235 235
Number of Houses in Feeder 8 8

SRWE Westnetz GmbH standard equipment 2013 (correspondence with J. Jendernalik)



32 Models

2.3.2 Suburban Grid

The old suburban grid is a 166 detached houses community evaluated by Scheffler. It was
build in the 1930s. The grid has a meshed topology but is operated as as a star grid with six
feeders. The mesh is open at the circuit breakers between cables 1, 2 and 9 and between
the cables 4, 5 and 7. The grid is realised with overhead cables of the Type NFA2X [72].
Figure 2.14 shows the grid topology, Table 2.6 the cable and transformer types. section B.3

includes the cable and section B.4 the transformer parameters.
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Figure 2.14: Grid topology of German suburban low voltage grid [72]

A new suburban grid is created by changing cables and transformer but using the same
topology. Typical transformer and cable types in new grids were supplied by RWE Westnetz
GmbH. The new equipment type can be found in Table 2.6. Section B.3 and section B.4
include the detailed cable and transformer parameters.

Both suburban grids are characterised by the maximum load of 433 kVA according to the

load profile mix described in section 2.1.

Table 2.6: Cable and transformer types of suburban grids

Grid Suburban Old Suburban New
Number of Houses 166 166
Transformer Power (kVA) 400 630

Main Cable Type NFA2X 4x95 NAYY 4x150
House Connection Cable NFA2X 4x25 NAYY 4x35
Type

Longest Feeder (m) 484 484

Number of Houses in Feeder 39 39
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2.3.3 Topology Verification

The simulation of these exemplary grids generates exemplary results. In order to evaluate
the results it is important to classify the grids regarding their representation of typical grids.
Bodach [30] classified typical grids and their operating equipment like transformer and
cables into eight groups that are shown in Table B.7. The grid suburban old described
above is comparable to group D1 that represents old single family housing estates. A
typical feeder length for this type of estate is less than 400 m. The longest feeder in the
suburban old grid is 484 m long. It is, however, the only feeder above 400 m and the
average feeder length is 322 m. The cable type used in the exemplary grid is stated as one
typical cable type. The used transformer power is also stated as typical. As the transformer
power as well as the cable size are on the higher edge of the stated values, the behaviour of
the grid can be categorised as typical. The group D2 represents new single family housing
estates like the suburban new grid. The stated feeder length and transformer power are
similar to the group D1. The cable type used in the suburban new grid is stated as typical.
The transformer power used is higher than the stated power. The used power is however
used in new grids of RWE Westnetz and can therefore be considered as typical. The
suburban new grid can therefore be categorised as typical. For urban multi family building
estates it is not distinguished between new and old estates, so the urban old as well as the
urban new grid are compared to group B which represents living areas with block buildings
with six to twelve apartments per house connection. Both urban grids by Scheffler [72]
have 9 apartments per house and a transformer power considered as typical by Bodach
[30]. The maximum typical feeder length is defined as 300 m, while the two used grids have
a maximum feeder length of 235 m. The cable type used in the urban new grid is stated,
whereas the cable type used in the urban old grid is thinner than the stated cables. The
urban new grid therefore can be categorised as typical, while the urban old grid is a weak

grid which has to be considered for the evaluation of the voltage deviation results.

Other works use similar grids for their evaluations. Bodach [30] for example uses grids
examined by Scheffler, while Kruschel [74] uses a simple artificial star grid with feeder
length from 400 to 900 m. Huang [75] uses a small low voltage grid with only one main
feeder with 315 m and 120 mm? cables. Kerber [76] uses transformer powers and cables
similar to the suburban grid used within this work but states no feeder length. Gwisdorf
[77] uses a simple one-feeder grid with transformer power and cable types similar to the
suburban grids, but does vary the feeder length from 200 m to 2.2 km. Marra [78] simulates
an urban grid with 271 households, compared to 324 in the urban grids used in this work.
The used transformer power is similar to the grid used in this work, but the feeder length
and cable data are not stated.
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The suburban as well as the urban grid topologies used within this work do represent a
fairly typical layout. This can be seen in comparison to the characterisation by Bodach [30]

as well as grids used in other works.

2.3.4 Medium Voltage Grid

The medium voltage (MV) and high voltage (HV) grids are modelled as passive grids. No
other loads or generators than the considered low voltage grid are connected. The voltage
on the MV grid, however, is considered to fluctuate within the limits of +4% of nominal
voltage [45]. In order to modulate the voltage variation that impacts the low voltage (LV)
grid the voltage level of the MV grid is influenced locally at the MV to LV transformer. A
PV generator and a load with HO load profile (electric standard household load profile of
the German Association of Energy and Water Industries - Bundesverband der Energie-
und Wasserwirtschaft - BDEW) are connected directly to the MV busbar of the transformer.
They are dimensioned in order to create a +4% voltage variation in the unloaded low
voltage grid. If voltage fluctuations are considered in the simulations below, this equipment
is activated in order to modulate the voltage variations of the MV grid. Contrary to the lim-
itation of the LV voltage band to £6% nominal voltage, this considers differences between
the load profile in the specific low voltage grid and the medium voltage grid.

2.4 Physical Model

As explained above, the physical grid simulation is based on PowerFactory algorithms. In
this section the basic principles are briefly summarised. The voltage in an electric network
is defined by the voltage source and the voltage drop or rise due to current flow through
resistances. In an AC network the voltage is additionally influenced by the reactance.
Figure 2.15 shows the equivalent circuit of a simple electric grid with a voltage source
(e.g. transformer) represented by the voltage V, and its internal impedance Z,. The
electric generator is represented as the current source I, and its internal impedance Z;
because most generators on the LV grid are connected via an inverter (i.e. PV). The load
is represented simplified as the impedance Z,, while the cables are represented by the
impedances Z;, to Z;,.

According to the Kirchhoff law three equations (Equation 2.13 to 2.15) can be defined
and used to calculate the voltage amplitude at the load V', (Equation 2.16).

KO*KOR*K[J*Kl*KLQ:O (213)
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Figure 2.15: Equivalent circuit diagram of low voltage grid with generator and load

Kl—KLa—Kz—KM:O (2-14)

Iy+I, —Lig—1I,=0 (2.13)

v.— Yot (L —Lip) (Zo+ Zpa + Z1o) (2.16)

2 1+<ZQ+ZL1+ZL2+ZL3+ZL4>
Zy

Using substitutions for the loop impedance of the generator Z,,,, yer, = Zo + Z11 + Z 12
and the load Z,,,, 1000 = Zo + Z11 + Zpo + Z13 + Z14 @s Well as the assumption that
I, > I, this simplifies to:

Vo+1 'Zoo en
Vv, =21 Zoong (2.17)

1+ Zloop,load
Z

This formula can now be used to calculate the voltage at the position of the load in this
simplified example. The same principle is, however, also used to calculate complex electric
grid systems with several hundred loads and generators as shown in chapter 3.

Chapter 2 describes the simulation setup. The simulation model is based on a physical
grid model and power based components models. The calculation principles of the grid
model is shown and the component models are described and validated. The electric and
thermal load profile generation is explained and validated. The sourcing of the real weather

data is described.






3 Influence on Voltage Level

In this chapter the influence of CHP, HP and PV appliances on the voltage level in low
voltage grids as well as the corresponding transformer loading is examined is evaluated.
Section 3.1 examines the characteristic influence of the different appliances and combin-
ations on the voltage level and the transformer loading. Within section 3.2 scenarios for
2020 penetration levels are developed and the subsequent influence on the voltage level
and transformer loading evaluated.

3.1 Characteristic Voltage Influence

3.1.1 Simulation Set-Up

The influence of CHP, HP and PV systems on the grid voltage and the transformer loading
depends on the grid layout, the connection points of the devices and the equipment proper-
ties. The characteristic of the voltage or loading influence of the different devices, however,
does not depend on these factors. The individual characteristics shown in subsection 3.1.2
and subsection 3.1.3 are therefore shown based on one exemplary grid layout. The Sub-
urban Old grid consisting of 166 detached houses, described in detail in section 2.3, is
used for that purpose. The topology is shown in Figure 2.14 whereas the properties are
stated in Table 2.6. The voltage is measured at the end of feeder no. 7 as this location is
furthest from the transformer.

Every house is represented by an individually parametrised house model as described
in chapter 2 and shown in Figure 2.1. As a basic load profile for all houses a three person
household 'Standard’ is used. To avoid concurrency of load peaks and to supply every
house with a unique profile every load profile is shifted by one minute compared to the
other. The load profiles are then distributed across the grid randomly. The exact penet-
rations and settings for the CHP, HP and PV systems are shown along with the results of
the simulations in subsection 3.1.2 and 3.1.3. Within this sections the characteristic influ-
ences of different appliances on the voltage level and the loading of the transformer are
examined. The simulation period is a week in February for all simulations. This week is
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chosen to enable all different appliances to operate as PV is provided with solar irradiation
and due to the low outdoor temperatures the heating equipment is operating.

3.1.2 Characteristics of Appliances

To enable comparability between CHP, HP and PV installations the simulations below as-

sume a comparable installed power for the different appliances.

Combined heat and power

For the CHP systems a uniform distribution between an 0.7 kW SOFC, a 1 kW Stirling
Engine and 5 kW ICE is assumed. For the 136 units that are distributed homogeneous over
the grid this results in a total installed electric power of 303 kW. The voltage characteristic
at the end of the longest feeder over one week is shown in Figure 3.1. The blue line
shows the voltage level in per unit (pu) without any installed CHP systems but with the
regular household load profiles. The red line shows the same week with 136 installed CHP
systems. It can be seen that during the day the two profiles are very similar but shifted to
higher voltages by the installed CHP systems. During the night the different working times
of the different systems cause additional fluctuations. The maximum overall influence is

low at only 3 percent.
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Figure 3.1: Voltage characteristic of CHP systems at end of feeder 7 (suburban old grid)

The transformer loading of the same configurations is shown in Figure C.1. It can be seen
that the maximum loading without CHP systems is slightly higher but also that the loading
with CHP systems virtually never drops below 20 percent. The loading of the two lines is
countercyclical, as in times of high loading due to the households the CHP can reduce the
transformer loading, but in times of low loading of the households, the transformer has to



Influence on Voltage Level 39

feed back the CHP power and is therefore higher loaded. In both cases the loading level of

the transformer is uncritical.

Heat pumps

Due to the high heat demand of the old detached houses, big air/water heat pumps with
a nominal heating power of 12 kW are used. Depending on the boundary conditions like
air and heating water temperature this results in an electric power demand of about 4 kW
with an additional 4 kW heating rod installed. This results in 272 kW total installed electric
power for 34 heat pumps with 8 kW each. The voltage profile at the end of the longest
feeder shown in Figure 3.2 illustrates the characteristic with and without heat pumps. It
can be seen that the heat pump systems cause substantial voltage reduction, especially
in the morning and in the evening. Similar to CHP systems the HP systems cause voltage
fluctuations during the night. The depth of the voltage decrease is caused by the constant
power behaviour of the heat pumps. This is valid for HPs that are connected by power
electronics until they reach their maximum current limitation. To keep the power constant,
in case of a voltage reduction, the current is increased. As the voltage decrease is defined
by the current flowing through the resistance of the cables, an increased current reduces
the voltage further. This leads in this case to voltage levels below EN 50160 levels [21].
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Figure 3.2: Voltage characteristic of HP systems at end of feeder 7 (suburban old grid)

This phenomenon can also be seen with the transformer loading shown in Figure C.2.
As the transformer loading is directly related to the current flow, the loading increases over-
proportionally compared to the power flow. While the loading peaks at around 70 percent
for the regularly loaded grid, it exceeds 120 percent for the grid with installed HP systems.
The connection of this amount of heat pumps would not be allowed by the grid operator.
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Photovoltaic

For the PV simulations a uniform distribution and size of the systems is assumed. The 54
PV systems have a peak power of 5 kW. This leads to an overall installed PV power of 285
kW. Figure 3.3 shows the voltage profile at the end of the longest feeder over the specified
week with and without PV systems. It can be seen that obviously the PV systems do not
have an impact on the voltage level at night and during the morning and evening. During
the day it is clearly visible that the PV power increases until noon to decrease afterwards.
The exact PV power, however, is dependent on the irradiation and therefore not constant
from day to day. In this context it has to be noted that this simulation is based on a week
in February and therefore does not tab the full potential of the PV systems. This leads
to an lower maximum influence on the voltage level compared to CHP systems with a

comparable amount of installed power.
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Figure 3.3: Voltage characteristic of PV systems at end of feeder 7 (suburban old grid)

Figure C.3 shows the transformer loading with and without PV installations. As with the
voltage profile it can be seen that the PV systems have no influence in the nights, mornings
and evenings. During the day the PV systems reduce the transformer loading as a part of

the PV feed in is consumed by the grids power demand.

3.1.3 Characteristics of Combinations

To understand the behaviour in real grids it is essential to understand the behaviour of
combinations of CHP, HP and PV appliances, as they are very likely to coexist on many
grids. For the combination simulations below the same quantity and power assumptions as
for the characteristic simulations above apply.
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CHP and HP

Figure 3.4 shows the voltage behaviour at the end of the longest feeder with HP systems
and with CHP systems as seen in Figure 3.2 and 3.1. Additionally the profile for a grid with
both, HP and CHP, systems installed can be seen. The heating systems are distributed
uniformly over the grid without having two appliances in the same house. The positive
influence is remarkable, even though the systems do not communicate or try to reduce the
influence otherwise. The maximum voltage is about as high as with only CHP systems,
but the minimum voltage is noticeably increased compared to only HP systems on the grid.
This effect is due to the similar operating behaviour but opposite influence of CHP and HP
systems. Both are heat led, operating depending on the individual heat demand of the
houses. As the heat demand depends on the outside air temperature that is similar for all
houses the operating profiles fit well. The power needed by the heat pumps is delivered by
the CHP systems. This leads to a voltage profile similar to the one without any appliances,
even though more fluctuating.
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Figure 3.4: Voltage characteristic of combined CHP and HP systems at end of feeder 7
(suburban old grid)

As for the voltage profile, Figure C.4 shows a substantial reduction in transformer loading
for the combination of CHP and HP systems compared to the grid with only HPs installed.
The peak demand of the heat pumps in the morning and the evening is still represented in

the combined profile, but reduced to around 60 percent transformer loading.

PV and HP

For the combination of PV and HP the distribution is also uniform over the grid, but in some
houses both systems are installed. The voltage characteristics at the end of the longest
feeder of PV, HP and the grid with both appliances is shown in Figure 3.5. As the PV
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systems only operate during the day, the voltage profile of the grid with both appliances is
similar to the one with only heat pumps for the other times. During the day the voltage level
is between the grid with HP or PV respectively. This means that the installation of HPs into
a grid with PV can reduce the maximum voltage due to PV, but the minimum voltage due
to HP can not be increased by the installation of PV systems. Furthermore it has to be
noted that HP operate mostly in winter and PV mostly in summer. The simulated week was
deliberately chosen to be cold and sunny, so all appliances are operating.
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Figure 3.5: Voltage characteristic of combined PV and HP systems at end of feeder 7 (sub-
urban old grid)

The findings from above are confirmed by Figure C.5 which shows the transformer load-
ing. During the non-sunshine periods the transformer loading of the grid with both systems
is identical to the loading with only heat pumps and only reduced during the day by the heat
pumps power demand supplied by the PV systems.

3.2 Scenarios

To evaluate the influence of CHP, HP and PV on the electricity distribution grid in 2020
four scenarios are developed. Four exemplary German low voltage distribution grids are
chosen representatively as discussed in section 2.3. These four grids do not represent ex-
treme cases. The grids represent typical cases of new and old suburban (see Figure 2.14)
and new and old urban (see Figure 2.13) distribution grids in Germany. As every grid
is different, defined by length and kind of cables and other equipment as well as by the
penetration of loads and generators and their behaviour, it is not sensible to evaluate the
behaviour by parameter variation in order to obtain the behaviour of every single possible
grid. It is, therefore, chosen to evaluate typical behaviour rather than full mapping of every
possibility. The results shown below do not represent evidence that similar issues will arise
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in a majority of German low voltage grids, but show that issues will arise in some grids.
The exemplary results are used to illustrate the efficiency and effectiveness of different

measures shown in chapter 4.

3.2.1 Appliance Penetrations

A 2020 Scenario of CHP, HP and PV penetrations for each considered grid is developed
hereafter. A literature research leads to a common understanding on how many CHP
and HP appliances and how much PV power will be installed in 2020. Related to the
number of houses existing in 2020 and the distribution between old and new houses four
average scenarios for suburban old/new and urban old/new are defined. The definition of a
conglomeration factor (CF) leads to four typical scenarios for highly penetrated low voltage
distribution grids.

Literature Research

A range of literature sources that are considered for the development of the 2020 scenarios
can be found in section D.1. The 19 sources are structured according to their publisher type
and marked if CHP, HP and/or PV installation numbers are stated. Below the development
of the appliance scenarios structured by appliance type is explained in detail.

Appliance Scenarios

The installed PV power in 2020 is estimated in various studies shown in Table D.1. The
estimations reach from around 12 to around 54 GW installed PV power 2020 in Germany.
There is a clear trend that older studies state lower estimations than newer studies. The
average installed power of all studies does, therefore, not appreciate the change in the
boundary conditions and is not suitable to represent a realistic 2020 scenario. For this
reason the average of all 2012 and 2013 studies is chosen to represent the installed 2020
PV power hereafter. Table 3.1 shows an overview of all considered scenarios. The installed
power refers to all PV systems but only small rooftop systems shall be considered in this
work. The German Solar Industry Association (Bundesverband Solarwirtschaft - BSW)
classifies systems into three groups. Powers less than 10 kW are defined as residential
rooftop systems, powers between 10 and 1000 kW as large industrial rooftop systems and
powers higher than 1000 kW as ground mounted systems. Currently 37.4 GW PV power
is installed (Oct 2014) of which around 5 GW are systems below 10 kW. In 2014 20% of
the new installed power was based on systems with less than 10 kW [79]. The number
of current installed PV systems with less than 10kW, the anticipated total power in 2020
and the assumption that 20% of additionally installed PV power is based on systems below
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10 KW are used to calculate the anticipated installed power on residential buildings. The
installed residential PV power in Germany 2020 is therefore assumed to be 7.65 GW.

Table 3.1: Literature scenarios for 2020 PV penetrations

Year Study Ppv (GW)
2012  Verteilnetzstudie dena Min 48.0 [10]
Max 52.0 [10]
2012  Leitstudie 2011 BMU 53.5 [80]
2013  Netzentwicklungsplan BNA Min 46.7 [81]
Max 52.2 [81]
Anticipated installed PV 50.5

Estimations on installed numbers or power of micro CHP in 2020 can be found in a
number of studies (see Table D.1). For the determination of the 2020 scenario for CHP
only the three studies that state the number of installed appliances are used. To distinguish
between micro CHP for single and two family houses and micro CHP for multi family houses
in the studies of Delta EE and Bosch, distributions by Delta EE are used.® This way a
2020 scenario for multi-family houses (MFH) and single/two family houses (SFH/TFH) is
achieved. Table 3.2 shows the results.

Table 3.2: Literature scenarios for 2020 CHP penetrations

Nchp (thousand)

Year Study MFH SFH/TFH
2012 Delta EE Micro-CHP Market 43 122 [82]
Statistics & Forecast
2012 Bosch’ 36 102
2013 Paper MICROGEN Min 73 [83]
Max 135 [83]
Anticipated number of CHP 72 112

A number of studies state an estimation on installed HP numbers or HP heat energy
generation in 2020 (see Table D.1). Most studies state the number of installed units.
To calculate the number of installed units from studies that state the output heat power
of the installed HP, the study of the Federal Association of Heat Pumps (Bundesverband

5Delta EE: CHP pathway simulations for Bosch (correspondence with S. Dwyer)
"Internal Report Bosch Thermotechnik GmbH 2012
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Warmepumpe e.V.) is used to allocate a number of HPs to a specific heat output as both
are stated here [84]. The study of Spitalny [83] states installation numbers from 2012 on-
wards. To calculate the number of units in 2020 the installation numbers in 2011 are added
[85]. Furthermore the ratio between HPs in SFH/TFH and MFH from Spitalny [83] is used
to gain the numbers of installations in MFH and SFH/TFH for all studies. The average over
the reviewed studies leads to the 2020 scenario of installed heat pumps. Table 3.3 shows

the results.
Table 3.3: Literature scenarios for 2020 HP penetrations
Npp (thousand)
Year Study MFH SFH/TFH
2010 Leitstudie 2010 BMU 36 768 [86]
2011  Branchenprognose 2011 Min 52 1,098 [84]
BWP
Max 69 1,431 [84]
2012  Leitstudie 2011 BMU 35 746 [80]
2012 Bundestag 50 1,050 [87]
2013 Paper MICROGEN Min 32 998 [83]
Max 89 1,358 [83]
Anticipated number of HP 52 1,064

Average Scenarios

To define the average scenario on how many appliances are installed per house in Ger-
many, the number of houses in 2020 is approximated. It is distinguished between houses
with one or two flats and houses with three or more flats. Single family houses and two
family houses are assumed to have a similar penetration of the different appliances and are
therefore treated as one group. The number of single / two and multi family houses in 2010
from Destatis [88] statistics are linear extrapolated to 2020 by the average growth between
2000 and 2010. To separate between new and old houses it is defined that houses build
from 2000 to 2020 are new buildings, while older houses are old buildings. This boundary
is chosen as from 2000 low energy buildings started to raise awareness which resulted in
the EnEV building regulation in 2002 [89]. The same differentiation between old and new
buildings is defined by Destatis [90]. Table 3.4 states the assumed number of houses in
2020.
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Table 3.4: Number of Houses 2020

Number of Houses (million)

New Old
SFH 2.07 10.40
TFH 0.38 3.41
MFH 0.17 2.99

Above the appliance scenarios on how many CHPs/HPs and how much PV power will be
installed in 2020 are defined. For CHP/HP it is also distinguished between SFH/TFH and
MFH installations. To gain a similar separation for the installed PV power it is estimated
that 95% of the power is installed in SFH or TFH, while only 5% are installed in MFH. This
is under average for MFH, as 16% of all residential houses are MFH with only 5% of the
PV power.

For heat pumps in SFH/TFH and MFH and CHP in MFH the distribution between old
and new buildings is stated by Spitalny [83]. For CHP in SFH/TFH the distribution stated
for CHP in MFH is used [83]. For PV in SFH/TFH it is defined that 25% of the PV power is
installed in new houses which represent 15% of the total number of houses. In MFH it is
defined that 20% of the installed PV power is allocated at new houses that represent 5% of
the buildings. To gain the average 2020 scenarios the numbers of appliances are divided
by the applicable number of houses. The average scenario assumes that the appliances
are equally distributed across Germany. As the ’suburban’ grids described in section 2.3
consist solely of detached single family houses, the scenarios found for SFH and TFH are
considered as 'suburban’ below. The 'urban’ grids do only consist of multi family houses so
the MFH scenarios are considered to be 'urban’ hereafter. Table 3.5 shows the resulting
average 2020 scenarios.

Weighted Scenarios

Above four average scenarios were defined. To gain knowledge about voltage issues that
arise in future grids it is, however, not sensible to use average scenarios. For this reason
a conglomeration factor (CF) is established. CF is defined as the factor by that the pen-
etration in the considered grid is higher than average. Hereafter the CF is always bigger
than one as only highly penetrated areas are examined. In an estate with high penetra-
tions the penetrations are assumed to be twice the average (CF = 2). This is as there is
a tendency that in suburban grids appliances are installed in well situated households that
are conglomerated in confined areas. In urban grids the installation is subject to renova-
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Table 3.5: Average Appliance Scenarios 2020

Suburban

New Old
CHP (Number/House) 0.022 0.004
HP (Number/House) 0.305 0.023
PV (kW/House) 0.90 0.37

Urban

New Ol
CHP (Number/House) 0.198 0.012
HP (Number/House) 0.229 0.004
PV (kW/House) 0.44 0.10

tions or building projects that are often carried out simultaneously in certain areas as the
ownership structure is often bundled. Additionally PV systems in old and new buildings are
conglomerated in certain areas as the local requirements for the installation (irradiation,
direction of roof, etc.) have to be suitable.

The final 2020 scenarios on CHP and HP penetrations in the four examined grids are
created using the average scenarios multiplied by the conglomeration factor. PV penet-
rations are additionally multiplied by a north-south ratio, as PV penetrations in southern
Germany are higher than in the north. In Bavaria and Baden-Wdrttemberg there is a 1.66
times higher penetration of PV systems than the average [79]. Table 3.6 shows the final
penetrations for the grids.

Appliance Distribution

The distribution of the different appliances is not equally, but done without artificially cre-
ating issues regarding unbalance or conglomeration of one type in a specific feeder. It is
ensured that no CHP and HP appliance are installed within the same premise. Appendix
D.2 shows the distribution of the appliances for the four scenarios. The parametrisation of
the different appliances depending on the building type is shown in Table D.6.
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Table 3.6: Final Scenarios 2020

Suburban

Number/Grid New Old
Houses 166 166
CHP 7 1

HP 101 8
PV (Power) 123 (4 kW) 34 (6 kW)

Urban

Number/Grid New Old
Houses 36 36
CHP 14 1

HP 17 0
PV (Power) 9 (6 kW) 2 (6 kW)

3.3 Simulations

To evaluate the influence of the developed scenarios on the voltage level and equipment
loading, four exemplary grids are simulated for a one year period. The four grids - a sub-
urban and an urban grid in an old and new state each - are explained in detail in sec-
tion 2.3. Figure 3.6 shows the principle structure of the simulation. Individual load profiles
for all houses are used within the house and appliance models to calculate the power
flows. These individual power flows are then used within the grid model to calculate the
voltage and transformer loading of the grid. In the suburban grids there are 166 houses (n
= 166) whereas in the urban grids there are 36 apartment houses with nine flats each (n =
36). During the scenario development connection restrictions like described in the German
guideline VDE-AR-N 4105 were not considered as only market expectations and political
goals were used to show a desirable state in 2020. Within the simulations, operation reg-
ulations like generator shut down at 1.1 pu are not implemented, as these already existing

measures to prevent overvoltage are compared to other possibilities in chapter 4.
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Figure 3.6: Simplified simulation overview

3.3.1 Suburban Grid New

In the suburban grids the location with the extreme voltages is the end of the longest feeder.
For the used grid topology this position is the end of feeder 7. Figure 3.7 shows a detailed
extract of the examined feeder (see also Figure 2.14). The models of the houses and

appliances are not only situated in the examined feeder, but distributed over the whole grid.

Location of
voltage
HP measurement
+ PV

= 5 -

LI} CHP LI ]

Figure 3.7: Extract of suburban grid topology

The voltage at the end of the feeder for the grid suburban new without CHP, HP or PV
devices is shown in Figure 3.8. It can be seen that the voltage drops to around 0.93 pu
on one day during the week. On weekends the voltage drops most as there are higher
electric loads. No undervoltage is caused, however it has to be mentioned that there is
no medium voltage grid voltage fluctuation considered here. Including variations on the
medium voltage grid like described in subsection 2.3.4 the voltage drops to 0.90 pu (see
Figure D.3). The voltage decrease by the MV grid fluctuations is not 4% as the load peaks
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of the grid and the HO profile do not completely match as can be seen in Figure B.1. The

voltage level never rises above 1 pu as there are no generators connected.

1.10 T T T T T T T T T T T

1.05 n

1.00§

0.95

Voltage (pu)

0.90 a

0.85 i

080 | | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10 11 12

Time (Months)

Figure 3.8: Voltage at the end of the longest feeder in suburban grid new w/o appliances

Figure 3.9 shows the the voltage for the same grid with CHP, HP and PV appliances
according to the scenario suburban new (see Table 3.6). Undervoltage can be seen reg-
ularly during winter. There is, however, also a regular reduction in the voltage level during
summer. The minimum voltage is 0.86 pu. The 0.90 pu limit is exceeded for 12 hours
distributed on 36 days a year. This is due to the additional HP load for heating in winter
and domestic hot water in summer. The installed PV and CHP systems cause no voltage

rise above 1.10 pu. The maximum voltage is 1.06 pu.
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Figure 3.9: Voltage at the end of the longest feeder in suburban grid new w/ appliances

Even including voltage fluctuations of the medium voltage grid the voltage does not rise
above 1.10 pu. Figure 3.10 shows the voltage characteristics during one year with CHP,
HP and PV appliances according to the scenario suburban new and voltage variations
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according to subsection 2.3.4. The voltage drops, however, regularly below 0.90 pu. The
minimum voltage is 0.83 pu which is outside of EN 50160 limits even if -15% of nominal
voltage are considered (see Table A.1). The voltage drops below 0.90 pu for 288 h on
200 d per year.

Time (Months)

Figure 3.10: Voltage at the end of the longest feeder in suburban grid new w/ appliances
and MV grid voltage fluctuations

Without installed appliances the transformer loading reaches a maximum of 72 percent
of the rated power. With installed appliances and MV grid variations the loading reaches
a maximum of 142%. It is, however, possible to operate transformers above 100% rated
power for a limited time, so the transformer power is not solely used for the evaluation. The
transformer is protected by fuses that prevent permanent damage. The fuses are tested
according to EN 60269 [91]. A load of 1.3 times nominal current has to be withstand for
10 h without triggering. On the other hand the fuse has to trigger safely if is is loaded with
1.5 time nominal current for more than 2 h.8 In the suburban new scenario the transformer
fuse is not assumed to trigger as the maximum current does not exceed 1.3 time nominal
current for more than 10 h and never exceeds 1.5 times nominal current as can be seen in
Figure 3.11. During the complete year the current exceeds 1.3 times nominal current for a
total of 0.1 h.

The loading of the cables is, similar to the transformer, evaluated according to the cable
fuses. Exemplary the fuse with the highest loading is shown hereafter. The highest load
can be seen at the beginning of feeder 8. Cable fuses have to withstand a load of 1.25
times rated current for at least 3 h while they have to safely trigger if the load exceeds
1.6 times rated current for more than 3 h. Figure 3.12 shows the considered current over
one year. It can be seen that the current exceeds both thresholds for several times. The

total time above 1.6 times nominal current during the year is, however, only 0.3 h, while

8RWE Westnetz GmbH transformer dimensioning (correspondence with U. Sezeneler)
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Figure 3.11: Current at transformer in suburban grid new w/ appliances and MV grid voltage
fluctuations

the current is above 1.25 times nominal current for 1 hour per year. The fuse is therefore
considered to not trigger.
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Figure 3.12: Current at beginning of considered feeder in suburban grid new w/ appliances
and MV grid voltage fluctuations

It is shown that the introduction of CHP, HP and PV appliances to the grid has a rad-
ical influence on the voltage behaviour. The grid exceeds the lower EN 50160 voltage
limit. The upper voltage limit and the operational loading of cables and transformer are,
however, not exceeded. The installation, especially of heat pumps is therefore limited com-
pared to the anticipated 2020 scenario if no additional measures are implemented. The
NAV regulates that the installation of heat pumps has to be approved by the grid operator.
It can be assumed that the DSO will only allow the connection without any grid enforce-
ment if the minimum voltage including the heat pump does not decrease below 0.94 pu
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in order to guarantee EN 50160 limits even with MV grid fluctuations. Even though there
is no overvoltage the installation of generators is limited by the VDE-AR-N 4105 connec-
tion restrictions that only allow a voltage rise of 3% caused by generators. According to
these current regulations only 67% of the anticipated generator power and 12% of the heat
pumps could be installed.

3.3.2 Suburban Grid Old

The suburban old grid has lower penetrations with CHP, HP and PV appliances. It is,
however, equipped with thinner cables which increases the voltage influence. Even without
any installed appliances the voltage drops below 0.90 pu if not below 0.85 pu for the grid
with and without MV grid voltage variations. This is caused by the thin NFA2X 4x95 cables.
The voltage rise is limited to the influence of the medium voltage grid as can be seen in
Figure D.7 and Figure D.9. The voltage at the end of the longest feeder including appliances
and MV grid voltage fluctuations is shown in Figure 3.13. It can be seen that the maximum
voltage does not exceed 1.10 pu, while the minimum voltage exceeds 0.90 pu. The voltage
does, however, not exceed 0.85 pu and is below 0.90 pu for only 0.7% of the year. It is

therefore assumed that the grid does comply with EN 50160.
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Figure 3.13: Voltage at the end of the longest feeder in suburban grid old w/ appliances
and MV grid voltage fluctuations

The transformer loading reaches 117% nominal power without and 125% nominal power
with installed appliances. The fuse current at the transformer, however, does not exceed
operational limits as is shown in Figure 3.14. The lower load compared to the suburban
new grid is due to similar transformer dimensioning with less installed appliances.

Similarly to the transformer, the cable fuses are not overloaded. Figure 3.15 shows the
fuse current at the same position as in the suburban grid. It can be seen that the current
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Figure 3.14: Current at transformer in suburban grid old w/ appliances and MV grid voltage
fluctuations

does never exceed the two thresholds of 1.25 and 1.6 times rated current. Even though
the cables in the suburban old grid are considerably thinner than in the new grid, the rated
current is only minimally smaller as they are installed above ground as can be seen in
section B.3.
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Figure 3.15: Current at beginning of considered feeder in suburban grid old w/ appliances
and MV grid voltage fluctuations

Similar to the new suburban grid the old grid does not exceed the upper EN 50160
voltage limit, nor cable or transformer loading boundaries. The voltage drops below 0.90 pu,
but if considering the -15% threshold according to Table A.1 the limits are not violated. The
grid is, however, operated at the limits of feasibility. If additional appliances shall be in-
stalled beyond 2020, measures for voltage control have to be implemented. According



Influence on Voltage Level 55

to current regulations only 78% of the anticipated generator power and 38% of the heat
pumps could be installed.

3.3.3 Urban Grid New

The urban grid topology has several feeders of the same length. Exemplary two feeder are
examined. This is as the houses are not all directed into the same direction and therefore
PV power generation differs between some feeders. Examined are the longest feeders in
each direction which are feeder 5 and 7 according to Figure 2.13. Figure 3.16 shows an

extract of the examined feeders and the location of voltage measurement.
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Figure 3.16: Extract of urban grid topology

The figures below show the voltage at the end of feeder 5. The voltage in the case without
and with installed CHP, HP or PV systems and not considering MV grid voltage fluctuations
is shown in Figure D.13 and Figure D.14 respectively. The voltage drops to 0.92 pu in both
cases whereas the maximum voltage with appliances is 1.01 pu. The voltage influence is
lower than for the suburban grids as the penetration is lower and the cables are shorter. If
medium voltage grid fluctuations are considered the minimum voltage is 0.90 pu and the
maximum voltage is 1.04 pu. The voltage profile without appliances is shown in Figure D.15
and the profile with appliances is shown in Figure 3.17.

The maximum transformer loading is 97% nominal power without and 106% nominal
power with installed appliances. The current at the transformer fuse does not exceed the
rated fuse current as can be seen in Figure 3.18.

The current at the cable fuse is shown in Figure 3.19. It can be seen that the rated
current of 275 A is never exceeded and therefore the critical limits of 1.25 and 1.6 times
rated current are never reached. The cable and transformer currents are lower than for the

suburban new grid, as the penetration of appliances is lower in the urban new scenario.
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Figure 3.17: Voltage at the end of the longest feeder in urban grid new w/ appliances and
MV grid voltage fluctuations
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Figure 3.18: Current at transformer in urban grid new w/ appliances and MV grid voltage
fluctuations

The urban new grid does not violate EN 50160 voltage boundaries nor maximum cable
or transformer loading. The lower voltage boundary is however reached if MV grid voltage
fluctuations are considered. The influence of the heat pumps is reduced by the installed
CHP systems like shown in section 3.1.3. It is therefore not possible to install more heat
pumps without implementing more CHP systems or voltage control measures. According
to current regulations only 6% of the heat pumps could be installed as the voltage drop
without installed CHP units is very high. The installed CHP units allow for a higher HP
penetrations from a technical perspective as shown in section 3.1. There is no connection

restriction for generators in this grid.
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Figure 3.19: Current at beginning of considered feeder in urban grid new w/ appliances and
MV grid voltage fluctuations

3.3.4 Urban Grid Old

The voltage in the old urban grid without and with installed appliances, not considering
MV grid voltage fluctuations, is shown in Figure D.19 and Figure D.20 respectively. The
two profiles are almost similar as the penetration of appliances is very low (see Table 3.6).
The minimum voltage is 0.90 pu in both cases whereas the maximum voltage is 1.00 pu.
There is no voltage rise above 1.00 pu as there is only one PV with 6 kW peak power
installed in the considered feeder. The voltage drop is higher than for the urban new grid,
as thinner cables are installed here. If medium voltage grid fluctuations are considered
the minimum voltage is 0.88 pu and the maximum voltage is 1.04 pu. The voltage profile
without appliances is shown in Figure D.21 and the profile with appliances is shown in
Figure 3.20.

The maximum transformer loading is 99% nominal power without and 98% nominal
power with installed appliances. The current at the transformer fuse does exceed the limit
of 1.3 times rated fuse current for 0.32 h per year. The critical limit of 1.5 times rated
current is never reached as can be seen in Figure 3.21. The transformer is therefore not
overloaded.

The current at the cable fuse is shown in Figure 3.22. It can be seen that the rated
current is exceeded and therefore but the critical limits of 1.25 and 1.6 times rated current
are never reached. The cable and transformer currents are lower than for the urban new
grid but closer to the critical limits as smaller dimensioned equipment is used in the old
grid.

The old urban grid does violate the lower EN 50160 voltage boundary but not the max-
imum cable and transformer loading. The lower voltage boundary is only reached if MV grid
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Figure 3.20: Voltage at the end of the longest feeder in urban grid old w/ appliances and
MV grid voltage fluctuations
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Figure 3.21: Current at transformer in urban grid old w/ appliances and MV grid voltage
fluctuations

voltage fluctuations are considered. If, however, considering the -15% threshold according
to Table A.1 the EN 50160 limits are not violated. Further installation of heat pumps and
other loads on the grid without implementing voltage control measures is, however, not

possible. According to current regulations all generators could be installed.
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Figure 3.22: Current at beginning of considered feeder in urban grid old w/ appliances and
MV grid voltage fluctuations

3.4 Reference Scenario

The analysis of the voltage characteristics of CHP, HP and PV systems shows that HP and
CHP do complement each other nicely, while other combinations do not have special be-
nefits regarding the voltage characteristics. In the installations scenario for 2020, however,
CHP do only play a minor role in the suburban grids where the highest voltage fluctuations
can be seen. This leads to a big influence of HP systems on the voltage behaviour. The
evaluations above show that for the considered 2020 scenario undervoltage is the limiting
factor. Even if the upper or lower voltage boundaries are not reached, current regulations
prevent the installation of the anticipated number of appliances. In order to increase the
number of possible installations measures for voltage control have to be implemented. The
new suburban grid shows the strongest violation of the lower voltage barrier and the highest
voltage of all grids. It is, therefore, chosen to evaluate different measures. The measures
are simulated for the week that shows the highest voltage during the year and the week
that shows the lowest voltage during the year. Based on these simulations the technical ef-
fectiveness, the economics, the end-user comfort as well as the impact on the CO, balance

are evaluated.






4 Measures for Voltage Control

As shown in section 3.3 it is necessary to implement additional measures in order to integ-
rate the anticipated amount of appliances in 2020. It is distinguished between measures
that are implemented and operated by the grid operator and measures that are implemen-
ted in end-user appliances. All measures are based on one or more of the following four

principles in order to influence the voltage level according to section 2.4:

Reducing the system’s loop impedance.

Changing the voltage ratio between low and medium voltage grid.

Influencing the system’s active power flow.
* Influencing the system’s reactive power flow.

The following sections describe the measures simulated and evaluated in this work as

well as their parametrisation.

4.1 Grid Operator Based Measures

4.1.1 Grid Extension

Traditionally low voltage grids are enforced by splitting an existing feeder into two parts and
installing an additional parallel cable to connect one part of the feeder to the transformer.
Depending on the use case, either voltage or load reduction, this additional cable splits the
existing feeder in the middle or at two third of the length [10]. Additionally a full change of

all main connection cables is considered.

Additional parallel cable (Expansion)

In order to keep the voltage level within the boundaries within the considered feeder a
parallel cable is connected between the transformer and feeder 7 The new parallel feeder
has the same length as feeder 6 and 8. The connection between feeder 6 and 7 is split up.
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Figure 4.1 shows the connection of the new cable and the necessary new circuit breaker
to disconnect feeder 6 from feeder 7. The cable diameter is chosen in order to fulfil the
voltage boundaries and is set to NAYY 4 x 300 mm?. The detailed cable parameter can be
found in section B.3.

New parallel cable

- © - © 1

New circuit breaker

Figure 4.1: Connection schematic of additional parallel cable (Expansion)

Change of all cables (Cable)

Instead of installing an additional parallel cable all main connection cables in feeders 1 to
9 are changed. The house connection cables are not changed. The cables are sized in
order to fulfil the voltage boundaries and set to NAYY 4 x 300 mm?2. The detailed cable
parameter can be found in section B.3.

Change of cables in highly stressed feeder (Feeder 8)

As shown in Figure 2.14 feeder 8 connects the feeders 6 and 7 as well as feeder 9 to the
transformer. Therefore the power flow through feeder 8 is considerably higher than in a
regular feeder with the length of feeders 8, 6 and 7, which are the considered feeders for
the evaluation. The cables in feeder 8 are therefore changed to NAYY 4 x 300 mm? when
considering the measure 'Feeder 8'.

4 1.2 Transformer

Section 3.3 shows no transformer overload. Therefore an increased transformer power is
not considered hereafter. It is however considered that the transformer is replaced by an
modern transformer with integrated on-load tap-changer.
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On-load Tap-changer (OLTC)

On-load tap-changers are able to change the voltage at the low voltage side of the trans-
former independent of the voltage level at the medium voltage side by changing the tap
point on the inductor. As the name suggests this is possible during operation - on-load.
Figure 4.2 shows the principle functionality. The functionality of OLTCs is limited by two
means. First the voltage level can only be influenced in a limited range as the voltage
at the transformer as well as in every other position of the grid has to fulfil the boundary
conditions according to EN 50160. The theoretical maximum voltage difference between
transformer and end of the feeder is therefore limited to 0.2 pu. Secondly OTLCs always
influence the voltage in all feeders of a grid. In situations where not all feeders are affected
similarly by voltage rise or drops the usage of OLTCs is therefore limited.

Actuator (¢ —-—-—-—-- Controller [«

Tappings é

Figure 4.2: Schematic of OLTC principle

The OLTC used for the evaluation is designed to change the voltage by + 6% nominal
voltage in 2% steps. The detailed transformer parameters can be found in section B.4. The
control is based on voltage measurements at the LV side of the transformer. The controller
input is adapted by the current tap setting (see Equation 4.1). The used hysteresis control-
ler and the used parameters can be seen in Figure 4.3 and Table 4.1 respectively. The tap

changer is only able to switch one step at a time.

VOLTCcontroIIer = VLV - tap 2% (4-1)
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Figure 4.3: Hysteresis controller of OTLC
Table 4.1: Parameters of OLTC controller
Parameter Vnom V4 Vo V3 V4 Vs V6
Value 1.00 1.01 1.02 1.03 0.99 0.98 0.97
(pu)

4.1.3 Distribution Grid - Flexible AC Transmission System (DG-FACTS)

As discussed in section 1.4 there are different types of DG-FACTS discussed for the use in
low voltage grids. An intelligent node can not improve the voltage behaviour if the different
feeders have a similar power flow, therefore this work evaluates an distribution STATCOM
with stationary battery storage. The device is able to provide active and reactive power
control according to a voltage controller. The controlled value is the measured voltage at
PCC of the DG-FACTS device. The device is positioned at the end of the considered feeder
and dimensioned in order to being able to ensure EN 50160 limits at this position. Figure
4.4 shows the installation location and the setup of the DG-FACTS measure.

The proportional voltage controller is shown in Figure 4.5. The parameters a - d can
be individually parametrised for active and reactive power control. The heuristically de-
termined parameters are stated in Table E.1. The dimensioning of the STATCOM and the
battery storage is determined to fulfil the EN 50160 boundary conditions and defined in
Table E.2.
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Figure 4.4: Schematic of DG-FACTS installation
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Figure 4.5: Proportional controller for active and reactive power of DG-FACTS device

4.2 End-User Appliance Based Measures

Voltage regulating measures that are situated at the end-users’ appliances are only effect-
ive if the majority of appliances are equipped with the functionality. Hereafter it is assumed
that all appliances in the grid, not only in the considered feeder, have the considered meas-
ure implemented. Figure 4.6 shows the principle structure of all appliance based measures.
A voltage measurement at the point of common coupling is the control input for the voltage
controller that controls the inverter. If necessary the inverter forwards a control signal to
the appliance.

4.2.1 Generators
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Figure 4.6: Schematic of end-user appliance based voltage control measures

Shutdown at overvoltage (VDE)

According to VDE-AR-N 4105 every generator connected to the public grid has to be
equipped with an network and system protection (NS protection). The NS protection has
to disconnect the system according to voltage and frequency boundary conditions [16]. In
this work only the overvoltage protection U> is considered. A 10 minute moving average
voltage measurement is the input to the controller. If the voltage is higher than 1.1 pu the
system is disconnected from the grid. The frequency of averaging (1/(3 s)) as well as the
disconnection time (<100 ms) required by VDE-AR-N 4105 are not considered, as the sim-
ulation time step is 60 s. The reconnection is dependent on the average voltage value to
be within operational limits for 60 seconds. Afterwards the system is allowed to ramp up

power with 10% Pmax per minute.

Reduction of peak power (EEG)

Photovoltaic generators have to fulfil additional requirements according to the renewable
energy act. Operators of systems with less than 30 kW peak power can choose if they
enable remote control by the grid operator or if they limit the maximum feed-in power to
70% peak power [13]. Grid operators do not use the remote control for voltage control in
low voltage grids but for voltage and load control on higher voltage levels. It is therefore
defined that all systems reduce their maximum power output to 70% peak power if this
measure is considered. According to the renewable energy act the reduction of the power
is referenced to the point of common coupling. It is therefore possible to use the full power
of the system for self consumption and only limit the system’s power if the feed-in power
reaches the limit. Hereafter the limitation is realised by the installation of an inverter with
the maximum power of 70% PV peak power. This implies that the self consumption power
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is also limited. As less inverter power is installed this reduces the investment costs for the
system operator.

Active power control (APC)

In order to guarantee the voltage level the power of the generator is reduced according
to a voltage measurement at PCC. The power reduction is controlled by a proportional
controller with dead band. At voltages lower than 1.09 pu the power is not limited. Between
1.09 and 1.10 pu the maximum power is limited proportionally between maximum power
and zero. As the maximum power is limited the feed-in power is not necessarily reduced
immediately, depending on the status of the generator. Figure 4.7 shows the proportional

controller.

4 Limited Active Power
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Figure 4.7: Proportional controller of measure active power control (APC)

A variant of this measure implements an additional use of the thermal storage of CHP
systems (APCth). Regularly the full storage capacity of the thermal buffer tank is utilised
for optimum energy and cost efficiency. Using this variant the buffer capacity is not used
completely in order to have capacity available for charging to enable voltage control. Reg-
ularly generators are only able to shut down at overvoltage. APCth enables the CHP also
to provide undervoltage protection as the additional thermal capacity can be charged if the
voltage drops below a threshold. The additional power feed-in increases the voltage. In or-
der to not interfere with end-users comfort the storage tank is designed larger when APCth
is considered.

Reactive power control

As shown in section 2.4 the reactive power flow in an electricity system has an influence
on the voltage. The influence is defined by the reactance of the system. In order to provide
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reactive power the inverter either has to reduce the maximum active power or the nominal
apparent power of the inverter has to be increased. Hereafter the inverter size is increased
so that maximum active power can be realised at minimum power factor. This increases
losses and investment costs of the system.

According to VDE-AR-N 4105 generators with powers higher than 3.68 kW are required
to implement reactive power control depending on the appliance power (cosP). The propor-
tional controller is implemented according to the guideline with a dead band from zero to
50% Pmax and a proportional decrease of the power factor from 1.0 to 0.95 between 50%
and 100% Pmax. The power factor refers to underexited operation.

Similar to cosP the measure cosV09 changes the power factor of the appliance in order to
lower the voltage rise by the generator. In this case, however, the power factor is controlled
by the voltage at PCC. The proportional controller with dead bands is shown in Figure 4.8.
The minimum power factor is 0.90 or 0.95 in the variant cosV095. Table E.3 shows the

parameters for the two variants.

Power Factor
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Figure 4.8: Proportional controller of measures cosV09 and cosV095

4 2.2 Demand Side

Contrary to generators demand side participation in voltage control is not required in cur-
rent regulations. Similar to generators, changes in active as well as reactive power flow

can be used to influence the voltage at PCC.

Demand side management

Within this work demand side management is only implemented for heat pumps. The
measure DSM reduces the heat pump power according to a proportional controller with
dead band. For voltages above 0.91 pu the heat pump power is not limited. Between 0.91
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and 0.90 pu the maximum power is reduced linearly to zero. As the maximum power is
reduced the actual power reduction is dependent on the current status of the heat pumps.
The heat pump model is able to modulate between 50 and 100% maximum power. If the
DSM controller requests powers below 50% maximum power the heat pump shuts down.
Figure 4.9 shows the proportional controller of the measure DSM.

4 Limited Active Power
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Figure 4.9: Proportional controller of measure demand side management (DSM)

Additionally the measure DSMth includes the thermal storage for voltage control. Similar
to APCth thermal storage capacity is provided to be charged at overvoltage. Using this
mechanism the heat pump can provide voltage support at overvoltages by drawing active
power to charge the thermal buffer tank. In order to not interfere with end-users comfort

the storage tank is designed larger when DSMth is considered.

Reactive power control

Inverters are able to provide reactive power control regardless of the direction of active
power flow. In principle it is therefore possible to use heat pumps that are connected to
the grid by power electronics to provide reactive power voltage support. In this work it is
assumed that the heat pumps are connected to the grid by means of inverters that are
able to provide reactive power. The inverters are dimensioned to be able to provide the
maximum defined reactive power at maximum defined active power. This increases the
losses of the inverter. Similar to reactive power control for generators it is possible to
control the power factor by the appliance power or the voltage at PCC.

The measure cosP095HP refers to the power factor control according to the appliance
active power draw. Similar to cosP the controller includes a dead band below 50% max-
imum power and reduces the power factor proportionally to 0.95 (overexcited) between
50 and 100% maximum power. The measure cosPO9HP operates in a similar way but
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with a minimum power factor of 0.9 (overexcited). Contrary the measures cosVO9HP and
cosVO095HP control the power factor by a voltage measurement at PCC. The proportional
controller is shown in Figure 4.10. Table E.4 shows the parameters for the two measures.
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Figure 4.10: Proportional controller of measures cosVO9HP and cosVO95HP

4.2.3 Electric Storage

Unlike measures for generators or heat pumps, electric storage is not yet available in the
considered grid. To evaluate electric storage all houses with a generator, either PV or CHP,
are equipped with a AC coupled battery storage system, consisting of an inverter and a
lithium-ion battery. The system is dimensioned according to the needs of the appropriate

measure.

Self consumption optimisation (sco)

Self consumption optimisation (sco) with a battery storage is mainly for economic benefit of
the end-user. Generated electricity that is not needed in the house is stored in the battery
storage until the electricity consumption is higher than generation. The reduction of fed-in
power of the generator has, however, an influence on the voltage level in the grid. If a PV
generator and a heat pump are installed within the same premise this measure automat-
ically transfers energy from times with high PV generation to times with high HP demand.
The controls are, however, optimised to maximise the self consumption of generated en-
ergy, not to limit the grid demand of heat pumps.

The principle structure shown in Figure 4.6 is also applicable for battery systems. How-
ever, additionally to the voltage the power flow at PCC is measured. The sco controller
controls the storage system in order to regulate the power at PCC to zero. The systems
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have different capacities for PV and CHP systems, but identical parameters otherwise.
Table 4.2 shows the dimensioning of the storage systems.

Table 4.2: Dimensioning of battery systems for PV and CHP for self consumption optimisa-

tion
Inverter Power Battery Capacity PV Battery Capacity
(kVA) (kWh) CHP (kWh)
4.6 6 4.5

Voltage Control (stoV)

In order to enable voltage control with distributed energy storages all battery systems are
assigned with additional battery capacity for over- and undervoltage protection. The battery
capacity that is available for sco is controlled with the same algorithm as shown above. Ad-
ditionally there is a specific battery capacity allocated that is only allowed to be discharged
if the voltage at PCC is below a certain threshold. Similarly there is capacity allocated
for overvoltage situations. The battery capacity for voltage regulation is unblocked if the
voltage is below 0.91 pu or above 1.09 pu respectively. The additional capacity is dimen-
sioned in order to being able to keep the voltage within EN 50160 limits at all times. The
detailed battery system dimensioning is shown in Table 4.3.

Table 4.3: Dimensioning of battery systems for PV and CHP for voltage control

Usable battery capacity (kWh)

Inverter power (kVA) sco overvoltage  undervoltage
control control
PV 9 6 0 36
CHP 9 4.5 0 36

The voltage control is based on active power control and the proportional controller is
shown in figure 4.11. The parameters a - d are shown in Table E.5. The power is dependent
on the voltage level at PCC, but limited to the power at PCC. No power is fed into the grid or
drawn from the grid for voltage support. The system is able to reduce the house’s influence
to zero. In sco operation the maximum power of the system is limited in order to maximise
the voltage support effect. The limited maximum power prolongs the period during the day
in which the battery is able to store generated electricity as the capacity limit is reached
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later. During voltage support the full inverter power is available. The maximum power
level during sco operation is stated in Table E.5. If the battery SOC is in the range that is
reserved for voltage support, but the voltage level is above 0.95 pu, the battery is charged
with 50% of the sco power stated in Table E.5. This charging process is also allowed to
draw power from the grid. Without this charging control the battery would not be able to
regain the necessary SOC for voltage control during winter days. Using this method a load
shift is realised from times with low voltages to other times.

Active Power
A :

»
»

Vece (pu)

Figure 4.11: Proportional controller for active power of distributed storage for voltage con-
trol (stoV)

4.3 Combinations

All measures are simulated and evaluated independently. The only exception is that all
measures are combined with the measure VDE to ensure overvoltage protection. Addi-
tionally to this individual evaluations there is a number of combinations of special interest
described below.

4.3.1 State of the Art (SotA)

Three measures for voltage control are already compulsory for generators on German low
voltage grids. The measure VDE as described above is the disconnection of generators
at overvoltage. Additionally generators with powers higher than 3.68 kVA are required to
provide reactive power control like described above for measure cosP. These two measures
are stated in the connection guideline VDE-AR-N 4105 [16]. Furthermore PV generators
with powers up to 30 kW are required to implement either a remote control for the grid oper-
ator or limit the maximum feed-in power to 70 % of the system’s peak power. This measures
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is described under the name EEG above and is stated in the renewable energy act [13].
In order to evaluate the effectiveness of these compulsory measures the combination of
these three measures is evaluated and named State of the Art (SotA).

4.3.2 State of the Art + X

In order to evaluate some promising measures under current legal boundary conditions
they are evaluated with additional SotA measures implemented. Table 4.4 shows the list of
evaluated combinations. The usage within a combination does not change the models or

controls of the single measures.

Table 4.4: List of combination of measures

SotA State of the art measures
+ Expansion Additional parallel cable
+ Cable Change of all main cables
+ OLTC On-load tap-changer
+ DG-FACTS  Central DG-FACTS device
+ DSM Demand side management of heat pumps
+ stoV Voltage control by distributed battery

storages







5 Evaluation of Measures

5.1 Evaluation Criteria

The different measures are evaluated according to their influence on the voltage level, the
economics, the end-user comfort and the CO- balance. The measures are identified as
effective, if they are capable to keep the voltage within EN 50160 limits of +10% at every
position in the considered feeder. The relevant voltage is the 10 minute moving average
value. EN 50160 does allow for undervoltage of —15% if the time below 0.90 pu does
not exceed 5% of a week interval. This exception is not considered hereafter, as there
should be some reserve for deviations from normal load profiles. This is as if a measure
is not able to keep the voltage within the +-10% range, it can not be guaranteed that the
time below 0.9 pu is less than 5% under any circumstances. The economic analysis does
consider operation and initial investment costs. Equipment replacement ahead of schedule
due to loading or voltage influences is not considered. The end-user comfort is evaluated
according to shut down times of the heat pumps and temperature reductions. The CO,

balance is evaluated according to operation based changes in CO, emissions.

5.2 Calculation Basis

5.2.1 Economics

In order to evaluate the total costs per year a number of steps have to be taken. Figure 5.1
shows the principle process. The investment costs are calculated by the relative investment
costs shown in Table 5.2 and the dimensioning of the equipment. Similarly the operation
costs are calculated from the relative operation costs per kWh (Table 5.1) and the change
in energy consumption or feed-in according to the simulation. Both costs are added and

used as input for the annuity calculation.
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Figure 5.1: Schematic of cost calculation

Operation costs

The operation costs are based on the prices shown in Table 5.1. The anticipated value is
used for the economic evaluation, whereas the minimum and maximum values are used

for parameter variations.

» For gas and electricity prices historic data from 1994 to 2014 are used to calculate
four possible price scenarios for 2020 [92]. The price growth rate of the last five,
ten, fifteen and twenty years is extrapolated to 2020 (see figures 5.2a and 5.2b).
The maximum, minimum and the average of those values are used as maximum,

minimum and anticipated gas and electricity prices in 2020.

» The costs for grid losses as well as the CHP feed-in tariff are based on the CHP index
of the European Energy Exchange. The CHP index shows quarterly average stock
prices of electricity. The maximum, minimum and average of the historic values from

2000 to 2014 are used as maximum, minimum and anticipated prices.

» The PV feed-in tariff is calculated according to the renewable energy act [13]. The
minimal value is based on the assumption that 52 GW PV peak power is installed
till 2020. The maximum value is the maximum that could be reached if the installa-
tion number are below expectations until 2020 and the feed-in tariff would therefore
increase compared to the current level. The anticipated value is based on the used
2020 scenario and its anticipated PV installation level of 50.47 GW installed PV peak

power.

 The credit for CHP generation is based on [93], the CHP gas energy tax refund on [94]
and the avoided grid fees for CHP operation is based on values of the grid operator
Netze BW [95].
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Figure 5.2: Historical price development and future development according to average
growth rates

As operation costs for the system operator the change in grid losses is considered. The
costs for grid losses result from the change in grid losses multiplied by the price for grid
losses stated above. The change of operation costs for the end-user can result from HP,
CHP and PV operation, but also from changes in peak boiler usage and the use of grid elec-
tricity. Latter are calculated by the change in gas or electricity usage multiplied by the price
for gas or electricity from the grid. Heat pump operation costs are not evaluated separately
as changes in electricity demand are included in the calculations for grid electricity and
PV feed-in. Following the current trend there is no heat pump electricity tariff considered.
PV and CHP operation are evaluated using the change in fed in electricity multiplied by
the relevant feed-in tariff. CHP operation costs are additionally influenced by the change
in gas consumption and the change in CHP generation, valued by the gas price, the gas
energy tax refund, the credit for avoided grid fees and CHP generation credit respectively.
An overview on how the different costs are calculated is shown in Table F.3.
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Table 5.1: Relative operation cost predictions for economic evaluation

Minimum Anticipated Maximum
Cyas_grid (€/kWh) 0.076 [92] 0.086 [92] 0.094 [92]
Celectricitygrid  (€/KWh)  0.363  [92] 0.394 [92] 0.416 [92]
Coyridlosses (€/kWh) 0.017 [96] 0.043 [96] 0.073 [96]
Cpv _feed—in (€/kWh) 0 [13] 0.0949 [13] 0.1675 [13]
Coup_feed—in  (€/KWh)  0.017  [96] 0.043 [96] 0.073 [96]
Cconrp_generation (€/KWh) 0.0541  [93]
Cyrid_fees (€/kWh) 0.0037 [95]
Cyas_tax (€/kWh) 0.0055 [94]

Investment costs

Similar to the operation costs, the minimum, maximum and anticipated prices for the in-

vestment cost calculations are shown in Table 5.2.

» The minimum inverter costs are based on the minimum prices for 2020 stated in [97],
whereas the maximum price is based on an exemplary current market price for a
battery inverter [98]. The anticipated value is calculated as the average of minimum
and maximum values. Similarly the battery prices are calculated. The battery prices
are stated for a cycle lifetime of 3000 cycles.

» The costs for a building to cover the DG-FACTS device are based on the price for
a transformer building according to [10]. It is assumed that the costs for the building

and the ancillaries are 50 % of the given value each.

» The prices for an 630 kVA transformer with OTLC range from the minimum stated in

[53] to the maximum stated in [10]. The anticipated value is calculated as the average.

» The cable prices are defined for NAYY cables and include material and installation.
For 150 mm? cables values are given in [53] and [10]. Other diameters are calculated
by linear extrapolation of the material costs. The share of the material costs on the
total costs is stated in [53]. The anticipated values are calculated as the average

values.

End-user investment costs are based on changes in inverter power and battery capacity.
The inverter power changes for HP, CHP, PV and Battery systems depending on the meas-
ure. The battery capacity changes only for measures that include battery systems. DSO
investment costs are influenced by inverter and battery prices as well as the price for the
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Table 5.2: Relative investment cost predictions for economic evaluation

Minimum Anticipated Maximum

Cinverter  (€/KVA) 130 [97] 305 480 [98]
Chattery  (€/KWh) 202 [99] 378 554 [98]

[100]

[101]

[102]
Chuilding (€) 10000 [10]
Corrc (€/630kVA) 11175 [53] 35588 60000 [10]
Ceabieaz150 (€/Km) 43000 [53] 51500 60000 [10]
Clraple.azzoo  (€/km) 61000 73100 85200

building for DG-FACTS devices. Furthermore OLTC and cable investments are evaluated

for the system operator.

Value added tax

The prices for operation or investment are partly with and partly without value added tax
(VAT). Tables F.1 and F.2 show in the second column if the different prices contain VAT or
not. The other columns show if VAT has to be considered for the investment or operation
of a certain equipment. If the price does not contain VAT but it has to be considered for a
certain cost, a VAT rate of 19 % is considered. The invest and operation of CHP systems is
evaluated according to the small-business regulation (Kleinunternehmerregelung) whereas

for PV systems a business registration is assumed.

Annuities

The economic calculations are based on annuities according to [103]. Annuity calculations
enable the evaluation of yearly costs depending on investment costs, operation costs and
gains as well as a certain interest rate. The annuity (A) can be calculated using Equa-
tion 5.1.

r

A-C.— "
¢ 1—-1+r)-T

(5.1)

The costs (C) can be either operation or investment costs. Gains and savings have to be
stated as negative values. The interest rate (r) and the observation period (T') define the
annuity of the costs. For investment costs 7' is always defined as the equipment lifetime,
no residual values or procured replacements are considered. The operation costs are
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calculated for the two simulated weeks. The observation period therefore is two weeks for
the operation costs. The total annuity of a certain measure is calculated as the sum of all
applicable investment and operation annuities as shown in Equation 5.2 and Equation 5.3.
A definition of the different annuities can be found in Table F.3. There are not considered
any price dynamics, the prices are given for 2020.

ADSO = Acable,invest + AOLTC:L'mJest + ADGfFACTS,inverter,invest
+ADGfFACTS,battery,invest + ADGfFACTS,building,invest (52)

"‘ADG—FACTS,losses + Agrid,losses

Aendfuser = AHP,invest + ACHP,invest + AC’HP,operation + APV,invest
+APV,feed—in + Astorage,inverter,invest + Astorage,battery,invest (53)

+Aelectricity,consumption + Agas,consumption

In the sections 5.3 and 5.4 the economic evaluation is shown as the annuities relative to
the total end-user energy costs. DSO margins are not considered. The interest rates used
for the calculation are shown in Table 5.3. The base rate of the European central bank is
set as minimum interest rate. This scenario assumes political sponsorship. The maximum
interest rate is the interest rate for DSO equity whereas the anticipated interest rate is the
interest rate for DSO dept capital according to [10].

Table 5.3: Interest rates for annuity calculations

Minimum Anticipated Maximum

Interest rate (%) 0.05 [104] 3.80 [10] 9.05 [10]

5.2.2 End-User Comfort

The only measures that have an influence on the end-user’s comfort are DSM and DSMth
as they limit the available heat power of the heat pumps. The end-user comfort is evaluated
by two means. First the shut down time with demand side management of heat pumps is
compared to state of the art shut down times by DSO load management. Secondly the
temperature reduction due to the reduction of power and shut down is compared to the
temperature reduction due to the state of the art shut down time. The temperature decrease
is calculated using a zero dimensional heat capacity model of the house. The usable heat
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capacity of the house is calculated according to DIN 18599 [105]. The calculated heat
capacity for the new detached house that is used within the suburban new grids is 23732
kJ/K. The difference between the heat energy is delivered by the heat pump and the heat
load of the house is used to calculate the temperature change in the house. The results
are shown in subsection 5.3.3.

5.2.3 CO, Balance

The CO, balance is calculated relative to the maximum CO, savings without measures.
The CO, emissions of the specified grid without any CHP, HP or PV appliances installed is
defined as 0 % savings, whereas the emissions with the anticipated 2020 penetrations in-
stalled is defined as 100 % savings. The CO- balance with different measures is evaluated
according to this scale. The change in CO, emissions for HP, PV, battery, DG-FACTS and
system losses are calculated according to Equation 5.4.

ACOQ =AFE- COQ,electricity (54)

AF is the change in demand or generation of electricity or the losses respectively. Higher
demand and less generation are stated positive whereas lower demand and more gener-
ation are stated negative. A positive change in CO, is therefore an increase in emissions.
The value for COs cjectricity €an be found in Table 5.4. For CHP systems the calculation
is more complicated, as the gas consumption of the CHP is reduced if the generation is
limited, but the gas demand of the peak boiler increases at the same time. Furthermore
the reduction in electricity production increases the demand of electricity from the public
grid. Equation 5.5 shows these changes in CO,.

A-EC’HP,gener‘ation . COZ,heat
Nerp-el Tpeak _boiler (5 . 5)

+AEheat,boile7‘ ) COQ,heat

ACYOZCHP = AE‘C'HP,genemztion : COQ,electricity -

The change in CO», emissions by CHP operation according to Equation 5.5 consists of
three parts. First the influence of the generated electricity (AEcHP_generation), S€cONdly
the change in gas demand by the CHP and thirdly the change is gas demand of the peak
boiler. The change in gas demand is calculated by dividing the change in electric energy
(AEcHP_generation) Y the electric efficiency of the CHP (n,,,,, ). The CO, impact of gas
is calculated by dividing the CO- impact of gas heating (CO5_x.qt) by the efficiency of a gas
boiler (npear_voiter)- The influence of changes in peak boiler operation is calculated using
the value for change in peak boiler heat generation (A Ejeqt poiter)- The COs impact of gas
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heating can be found in Table 5.4 and the efficiency values are shown in Table 5.5. There
is no life cycle CO, analysis considered.

Table 5.4: CO, emission values

Germany mix 2020 CO; emission (kg/kWh)
COZelectricity 0.511 [1 06]
CO2_peat 0.237 [1 07]

Table 5.5: Efficiency values for economic and CO, balance evaluation

Efficiency Appliance

(%)
Fuel Cell CHP 45 Buderus [108]
electric (700 W) Logapower FC10
Fuel Cell CHP 45 Buderus [108]
thermal (700 W) Logapower FC10
Peak boiler 98.2 Buderus Logamax [109]
(14 kW) plus GBH172

5.3 Simulation Results Reference Scenario

5.3.1 Voltage Level

As shown in subsection 3.3.1 the considered grid does not exceed the maximum voltage
level according to EN 50160. The minimum value, however, is exceeded. If considering
the 10 min average voltage value, rather than the absolute values the maximum voltage
in the suburban new grid is 1.09 pu and the minimum voltage is 0.83 pu. Measures are
therefore necessary in order to install the anticipated number of heat pumps in the grid.
The expansion of the grid as well as the change of all cables is suitable to ensure the
voltage boundary, whereas the change of feeder 8 is not sufficient. The installation of an
OLTC or of DG-FACTS is sufficient. Selected results are shown in Table 5.6. An overview
on all measure abbreviations can be found on page 142.

On the end-user side only distributed battery storage (stoV) is able to ensure the voltage
limit. All generator based measures do not have any influence on the lower voltage level.
Demand side based measures increase the minimum voltage but are not sufficient to en-

sure the 0.90 pu boundary. This is as the local voltage measurement of the devices does
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Table 5.6: Selected voltage level and equipment loading results in reference scenario

Measure Vmax Vinin Trafo load Cable
load
Reference 1.09 0.83 OK OK
Expansion 1.05 0.92 OK OK
Cable 1.07 0.90 OK OK
OLTC 1.05 0.90 OK OK
DG-FACTS 1.09 0.91 OK OK
DSM 1.09 0.89 OK OK
stoV 1.09 0.90 OK OK
SotA 1.08 0.83 OK OK
SotA + Expansion 1.05 0.92 OK OK
SotA + Cable 1.05 0.90 OK OK
SotA + OLTC 1.05 0.90 OK OK
SotA + DG-FACTS 1.07 0.91 OK OK
SotA + DSM 1.08 0.89 OK OK
SotA + stoV 1.07 0.90 OK OK

not show the minimum voltage in the grid and therefore not all HP shut down in times of
undervoltage. The operating systems suppress the voltage at the end of the feeder below
0.90 pu. If DSM would shut down all HP in cases of undervoltage, the voltage level could
be ensured, as the minimum voltage with voltage fluctuations and no appliances is 0.90 pu.
One possibility to enable DSM to shut down all HP is communication between the systems.
If systems connected close to the transformer get the information that the voltage at the
end of the feeder exceeds the limit they can react on that information. If this smart grid
approach is chosen, the minimum voltage with DSM is 0.90 pu and therefore within the
EN 50160 limits. The voltage level influence does not differ between DSM and DSMth.

The combination of the SotA measures is not able to ensure undervoltage protection,
as only generator based measures are included. The combination with measures that are
able to prevent undervoltage is, however, effective. The combination of SotA and DSM is
only effective if a smart grid approach, like discussed above, is implemented. An overview
on all voltage level and loading results is shown in Table G.1. The transformer and the

cables are not overloaded without or with any measures.
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5.3.2 Economics

The economic evaluation of all measures is shown in Table G.2. The additional costs are
presented relative to the end-users’ energy costs. The costs are the sum of all operation
and investment costs of all end-users connected to the relevant feeder or the DSO respect-
ively. The reference energy costs of the end-users’ are the costs for electricity and gas in
case all appliances are installed without any measures. In the reference scenario this is
5232 € for 39 households in two weeks. As shown in subsection 5.3.1 not all measures
are effective. The evaluation below considers only effective measures and is based on the
boundary condition that no SotA measures are installed. The relative costs for end-users,
DSO and the relative total costs of these six measures are shown in Figure 5.3. It can be
seen that the electric storage based measures DG-FACTS and stoV are very expensive
compared to the other measures. The installation of distributed electric storage for voltage
control costs additional 32.3% of the end-users energy costs.
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Figure 5.3: Economic evaluation without SotA 2020

Figure 5.4 shows the four economically feasible measures from Figure 5.3. It can be
seen that the three DSO based measures do not introduce cost for the end-users whereas
DSM does. The increased end-user costs for DSM are additional costs for heat pump
operation, as the efficiency of the HP systems is reduced by the load shift. This is mainly
due to increased operation of the electric heating rod. DSM reduces the costs for the DSO
as losses in the grid are reduced by the reduced peak time loading. Overall the installation
of an OLTC is the most economic measure to integrate the anticipated 2020 penetrations.

The evaluation above is based on the comparison of measures in an environment without
SotA measures. If the evaluated measures are installed additionally to the SotA measures
the economic evaluation is influenced. Figure 5.5 shows the economics including SotA
measures in 2020. It can be seen that SotA introduces costs for the end-users without
adding value to voltage control. As is shown in Table G.2 the main costs for SotA is in-
troduced by reactive power control (cosP) as additional inverter power has to be provided.
The reduction of the PV power to 70% peak power increases operation costs but the re-



Evaluation of Measures 85

4 T T T T
g§3.57-End—User i
£% 5|/ I DSO ]
B [ Total
=0 25 B
_.(QO
33 2r .
g3 4L 0.95 4
2=
59 05F I H 0.36 0.42 |
22 o m = W F

|

| | |
Cable Expansion OLTC DSM

Figure 5.4: Economic evaluation without SotA 2020 (not considering battery based meas-
ures)

duction in investment costs for reduced necessary inverter power overcompensates this.
The end-user costs for SotA increase the costs for all measures as they are independent
of the other measures. Costs for DSM are increased by installing SotA as PV generation
is reduced which increases shut-down times for the heat pumps. SotA itself is not able to
guarantee EN 50160 voltage levels, so it has to be accompanied by another measure. The
most cost efficient combination is SotA and OLTC. Concluding it can be seen that OLTC
is the most cost efficient measure with and without state of the art measures. To maintain
the legal need to install the SotA measures increases the costs. This is especially due
to the costs for reactive power control (cosP) of generators. Battery based measures are
very expensive due to the high investment costs. DSM is more expensive than OLTC even
though no investment costs are taken into account. A sensitivity analysis of the economic

evaluation regarding the anticipated prices is shown in Figure G.1
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Figure 5.5: Economic evaluation with SotA 2020

5.3.3 End-User Comfort

The times of power reduction and shut down are shown in Table 5.7. The time of power
reduction includes the shut down time. Grid operators are allowed to block heat pump
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operation for 120 minutes up to 3 times per day. Currently heat pumps are blocked for a
maximum time span of 90 minutes by the grid operator Netze BW [110]. It can be seen that
even if just considering the shut down time of DSM, this time span is exceeded.

Table 5.7: Power reduction and shut down times of DSM and DSMth

DSM DSMth SotA +

DSM
Reduction (min.) 144 262 257
Shut down (min.) 104 126 124

The temperature reduction of the house is shown in Figure 5.6 exemplary for SotA +
DSM. It can be seen that the temperature reduction due to DSM is considerably more than
due to the scheduled 90 minutes block by the DSO. The maximum temperature reduction
is 1 K or 51% higher for DSM than for the 90 minutes block.
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Figure 5.6: Temperature reduction due to SotA + DSM and HP shut down in reference
scenario

The evaluation of the shut down time as well as the evaluation of the temperature re-
duction show that end-user comfort reductions have to be expected with DSM. This is not

acceptable from a manufacturer’s point of view.

5.3.4 CO, Balance

Figure 5.7 shows the CO, savings of the different measures. The reference scenario is
defined as 100% CO, savings in subsection 5.2.3. If considering connection restrictions
that apply today for generators and heat pumps, only 54% of the savings can be realised.
This is mainly due to the limitation of generators by VDE 4105 and due to limited connection
of heat pumps as the voltage boundary of EN 50160 is violated. According to current
connection restrictions, the suburban new grid would be able to accommodate 67% of the
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anticipated PV penetration and 12% of the anticipated HP penetration. If measures are
installed to accommodate the full 2020 penetrations, the changes in CO, savings are small
compared to the case with connection restrictions. The change of all cables increases the
savings by 5% if no SotA measures are considered, whereas DSM including SotA reduces
the savings by 5%. The influence of the different measures on the CO, savings is negligible
as long as there are measures installed. Important to reach the saving goals is that CHP,

HP and PV appliances can be installed to the grid.
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Figure 5.7: CO, balance of measures in the reference scenario

5.4 Simulation Results Maximum PV Scenario

5.4.1 Boundary Conditions

The reference scenario evaluated above shows undervoltage issues only. In order to eval-
uate the measures under overvoltage conditions an exemplary maximum PV scenario is
introduced. In this scenario 99% of the houses are equipped with a PV generator. The
higher penetration of generators has an influence on the technical and economic feasibility
of the different measures. The penetration levels of CHP and HP systems are identical to
the reference scenario, whereas the PV penetration is maximised. Table 5.8 shows the
penetration levels for the 2020 and the maximum PV scenario of the new suburban grid.
The measures are principally the same, but are differently parametrised if necessary.
Feeder 8 is overloaded in this scenario. Therefore it is changed to NAYY 4x300 cables
additionally to all measures that are not cable based. The cable for the Expansion measure
can be designed thinner and is set to NAYY 4x150. For DG-FACTS and stoV measures the
battery capacity as well as the inverter power has to be adapted. These changes influence
the technical and economic evaluation. The economic evaluation is based on the costs and

prices determined for the reference scenario.
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Table 5.8: Penetration levels of 2020 and maximum PV scenarios

Suburban new

Number/Grid Reference Maximum PV
CHP 7 7

HP 101 101

PV (Power) 123 (4 kW) 164 (7 kW)

5.4.2 Voltage Level

The increased PV penetration in the grid leads to overvoltage as can be seen for the ref-
erence in Table 5.9. The maximum voltage is 1.16pu. On the other hand, undervoltage
is reduced by the generators. The minimum voltage, therefore, is only 0.84. Opposing to
the reference scenario feeder 8 is now overloaded at times of high PV feed-in. The meas-
ures for overvoltage control are not able to prevent this overload, therefore the change of
cables in feeder 8 is necessary additionally. It can be seen that all measures are able to
prevent overvoltage. This is as VDE is effective and all measures are combined with VDE
as described in section 4.3. Undervoltage can be prevented by the same measures as in
the reference scenario. Additionally DSM is now able to keep the voltage within EN 50160
levels without communication, as the voltage drop by HP that are not shut down is reduced
by the changed cables in feeder 8. The complete overview on voltage level and loading
results for all measures is shown in Table G.3.
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Table 5.9: Selected voltage level and equipment loading results of maximum PV scenario

Measure Vimax Vinin Trafo load Cable
load
Reference 1.16 0.84 OK overload
Expansion 1.10 0.90 OK OK
Cable 1.10 0.90 OK OK
OLTC 1.08 0.93 OK OK
DG-FACTS 1.10 0.91 OK OK
VDE 1.10 0.87 OK OK
DSM 1.10 0.90 OK OK
stoV 1.10 0.90 OK OK
SotA 1.10 0.87 OK OK
SotA + Expansion 1.08 0.90 OK OK
SotA + Cable 1.07 0.90 OK OK
SotA + OLTC 1.05 0.93 OK OK
SotA + DG-FACTS 1.09 0.91 OK OK
SotA + DSM 1.10 0.90 OK OK

SotA + stoV 1.09 0.90 OK OK
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5.4.3 Economics

The reference energy costs of the end-users’ in the maximum PV scenario are 4227 € for
the 39 households in two weeks. The reduced costs are due to increased PV self con-
sumption. The additional costs are shown relative to this value. Similar to the reference
scenario, DG-FACTS and stoV measures are expensive and are not considered hereafter.
Figure 5.8 shows the relative additional costs for the end-user, the DSO and the total costs
in the maximum PV scenario. It can be seen that OLTC is the most economic measure.
As the voltage is considerably higher than in the reference scenario some devices have
to shut down at overvoltage when the expansion measure is installed. This leads to cost
for the end-users. DSM is the most expensive measure as a lot of possible generation is

prevented by overvoltage shut down.
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Figure 5.8: Economic evaluation without SotA in maximum PV scenario

Figure 5.9 shows the selected measures with activated SotA measures. It can be seen
that the SotA measures, even though they are not sufficient, introduce costs for the end-
user. This is as the power generation is restricted more often due to the higher PV pen-
etration compared to the reference scenario. DSM is the most economic measure that is
able to keep both, lower and higher voltage boundaries. OLTC and Expansion are similar
whereas the change of all cables is the most expensive measure of this selection. It can
be seen that the end-user costs are strongly influenced by the costs for the SotA meas-
ures. Furthermore it is shown that the increase in end-user costs due to SotA increases
the overall costs of the DSO based measures significantly. The overall costs of DSM are
decreased compared to Figure 5.8 as the reduction in PV feed-in is more expensive than
limiting the power to 70 % according to the measure EEG as in this case less invest costs

have to be accounted.
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Figure 5.9: Economic evaluation with SotA in maximum PV scenario

5.4.4 End-User Comfort

DSM reduced the heat pump’s power less often in the maximum PV scenario, as the in-
creased PV installation leads to a higher voltage level. The maximum power reduction
period is 125 minutes of which the heat pump is shut down for 37 minutes. No com-
fort reduction has to be assumed as the generated heat with DSM is higher than for the
90 minutes shut down. It is, however, a delicate equilibrium between PV and HP installa-
tions that enables this. An increase in HP, for example, leads to longer power reductions

and therefore to comfort issues as shown in subsection 5.3.3.

5.4.5 CO, Balance

The CO, balance in the maximum PV scenario is calculated similar to the reference scen-
ario. The CO, savings potential with all appliances according to the maximum PV scenario
is defined as 100% savings. The grid without any installed CHP, HP or PV appliances
is defined as zero percent savings. Figure 5.10 shows the CO, savings of the different
measures and of the grid with only appliances installed that could be installed according to
current regulations. In case of the maximum PV scenario current connection restrictions
would allow 29% of the anticipated generators and 12% of the anticipated heat pumps.

It can be seen that the measures have a similar influence on the savings as in the ref-
erence scenario. Cables can increase the CO, savings by 5% and DSM decreases the
savings by a maximum of 3%. According to current regulations, however, only 14% of the
reference savings could be realised as the connection of the appliances is limited. The
absolute savings for current regulations in Figure 5.10 and Figure 5.7 are the same, they
only differ relative to the possible savings according to the different scenarios.

The evaluation of the reference scenario and the maximum PV scenario show that only a
few measures are able to prevent undervoltage, whereas overvoltage protection is ensured
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Figure 5.10: CO, balance of measures in scenario maximum PV

by the shut down according to VDE-AR-N 4105. The use of OLTCs is very economical
in both scenarios, whereas battery based solutions are very expensive due to the high
investment costs in 2020. Heat pump management for voltage control can lead to comfort
issues which is not acceptable. The influence of the different measures on the CO- balance

is negligible, but installation restrictions lead to high reductions in the CO, savings.
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6.1 Grid Operation and Planning

6.1.1 Measure Selection

Section 3.3 shows that undervoltage rather than overvoltage is the main issue in 2020 in
the considered grids. In the suburban new grid the maximum and minimum voltages are
1.10 pu and 0.83 pu respectively. In a maximum PV scenario overvoltage is the main issue

(see section 5.4).
» Six measures are able to prevent voltage level violations:

— Change of all main connection cables

Grid expansion via additional parallel cable

Installation of on-load tap-changer

Installation of distribution grid FACTS

Installation of distributed storage for voltage control

Demand side management of heat pumps in smart grid

» The most cost efficient measure to prevent undervoltage and overvoltage is the in-
stallation of an OLTC. This is valid in the reference scenario as well as the maximum
PV scenario as shown in section 5.3 and section 5.4. If not considering state of the art
measures the installation of an OLTC costs only 0.36% of the end-users’ energy costs
in the considered grid in 2020. Other studies (e.g. [10], [39]) do also identify OLTC as
a possible measure to reduce grid extension costs. In this work this is confirmed and
additionally verified against DSM and other appliance based measures. Demand side
management of heat pumps either introduces comfort issues for the end-user (refer-
ence scenario) or is more than three times as expensive as OLTC (maximum PV
scenario) at least if no state of the art measures are considered. Comfort issues for
the end-users are not acceptable from the manufacturers’ point of view. DSO based
measures, especially OLTCs, are therefore seen as the prefered measures to ensure
the conformity with EN 50160 voltage levels.
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* Electric storage based measures like DG-FACTS and distributed storage are, similar
to [10], identified to reduce the grid extension necessity. From an economic perspect-
ive however they are not yet competitive to the use of OLTCs or the change of cables.

» The possible CO- savings are similar between the different measures. The savings
are, however, significantly decreased if the anticipated penetration levels can not be
reached in 2020.

As shown in section 1.1 currently grid extension is planned according to individual con-
nection requests. This is due to the grid operator regulations that were established when
no major changes were expected in the distribution grids. [10] identified the current regula-
tions as not suitable for the necessary investments to integrate the anticipated numbers of
distributed generators. Additionally [39] recommends to explicitly add OLTCs as a preferred
measure to the regulations. This work identifies anticipatory grid planning as beneficial. It
is therefore recommended to adapt the DSO regulations accordingly. Additionally it is re-
commended to consider possible future HP connections in the grid planning process in
order to enable higher heat pump penetrations and the connected carbon saving potential.

6.1.2 Robustness of Results

The simulations in chapter 3 and chapter 5 show the voltage behaviour and the influence
of different measures for exemplary grids. Changes in grid topology, equipment and pen-
etration levels have an influence on the results. As every grid is different it is important to
assess the results on changes in these boundary conditions. Changes in grid topology and
equipment but also an increase or decrease of appliance penetration change the voltage
influence and therefore increase or decrease voltage band violations. If the penetrations of
appliances change independently from the appliance type, the voltage characteristic of the
grid is changed as shown in section 3.1. PV generators create voltage peaks during the
day, whereas CHP systems increase the voltage level evenly. Heat pumps cause voltage
decrease in the morning and the evening, especially during the heating period. Compared
to the reference scenario there are two possibilities how changes in boundary conditions
can change the voltage behaviour. Either there are no voltage level violations due to re-
duced loop impedance or appliance penetrations, or overvoltage rather than undervoltage
is the main issue. If there are no voltage level violations end-user based measures might
cause installation and operation costs whereas DSO based measures would not have to be
implemented. The conclusion that DSO based measures should be preferred is true in this
case, as they only have to be implemented within grids that show voltage level violations.
If there are no undervoltage but overvoltage issues, the shutdown at overvoltage accord-
ing to VDE-AR-N 4105 is able to guarantee overvoltage protection. If the generation is only
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limited for a few hours per year it is more cost efficient to choose the shut down rather than
installing an OLTC. The reduced generation, however, decreases the incentives to invest
in generators, which has to be considered regarding the carbon saving goals. At some
point, which is very individual for each grid, the installation of an OLTC is more economic
than the shut down of generators. This circumstance can be used within an optimised grid
planning process in order to identify the optimal time for the grid enforcement measure.
In any case DSO based measures, especially OLTCs, are the measure of choice on the
long term. However, as the voltage control possibilities of OLTCs are limited if the voltage
behaviour of feeders differ from each other and cable based grid extension measures take
a long time to implement, DG-FACTS will play an important role in some areas. The exact

share will depend on the reduction in costs for batteries.

6.1.3 Future Prospects

The influence of appliances on the voltage level as well as the economic and comfort
evaluations should be validated in real grids. In order to enable a big data basis, grid
operators are in an important position for the realisation of such a project.

In order to enable the most cost efficient grid extension, future work should develop an
optimised grid planning process. First steps in this direction are proposed in [39]. Part of
that work is an adapted grid operator regulation as well as grid planning processes that are
based on anticipated connection numbers.

Options how comfort reductions can be minimised when utilising DSM should be ex-
plored, especially regarding use cases other than voltage control. Optimisation potential

might be present in storage sizing as well as heat pump controls and dimensioning.

6.2 Grid Codes and Connection Requirements

6.2.1 Requirements for Appliances

As DSO based measures are recommended in order to integrate the high anticipated appli-
ance penetrations, no additional requirements for appliances are identified. For heat pumps
this applies since from a manufacturers point of view end-user comfort reductions are not
acceptable. For generators the shut down at overvoltage according to VDE-AR-N 4105 is
sufficient to ensure overvoltage protection, therefore no additional requirements apply. This
is in principle consistent to [10] and [39] were no major savings for demand side manage-
ment could be identified but generator shut down is seen as a cost saving measure. This

work, however, sees an delicate equilibrium between cost savings for grid extension and
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the willingness to invest in renewable generators which is crucial to reach the anticipated
installation goals.

6.2.2 Current Regulations

As shown before the state of the art measures reactive power control according to VDE-AR-
N 4105 as well as 70% PV power limitation according to the renewable energy act are not
necessary for voltage control. Especially the reactive power control introduces unneces-
sary costs for end-users. The measures have, however, an influence on parameters other
than the voltage level, like grid loading, energy markets, frequency stability and others that
is not evaluated within this work.

The connection restriction of generators to a maximum voltage rise of 3% by all generat-
ors was established when the voltage level at the transformer was adjusted to up to 1.05 pu
in order to prevent undervoltage. As generators shut down at overvoltage it proofed to be
unnecessary from a voltage level perspective, especially if the voltage at the transformer
is set to 1.0 pu to enable higher generator penetrations. It is therefore recommended to
replace this restriction by connection rules that utilise the complete +10% voltage band
for loads and generators. The adaptation of technical requirements is also identified as a
major cost saving potential by [10].

As shown in section 3.1 the connection of CHP and HP devices in the same grid reduces
each other’s voltage influence even without communication between the appliances. It is
recommended to utilise this effect by promoting the connection of one or the other techno-
logy to grids with high penetrations of the particular other technology. This approach can
reduce necessary grid extension very economically [111].

6.2.3 Future Prospects

Even though no additional requirements for controls or communication are identified for
voltage control, smart grid functionalities can introduce an economic and comfort gain for
the end-user. Examples for already existing functions in Bosch appliances are the smart
grid ready label for heat pumps in Germany and the usage of communication between PV
inverter and heat pump to maximise the PV self consumption. Further work should, there-
fore, investigate the potential of that gain, technical requirements as well as the necessary
political boundary conditions.

In order to evaluate if the state of the art measures that are not necessary from a voltage
level perspective are necessary for other tasks, a detailed investigation on these measures
is recommended. The goal is to quantify the benefit in order to enable informed decisions

on their continuity.
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The focus of this work is the voltage level and equipment loading on the low voltage
grid. In order to gain a complete picture it is recommended to evaluate the influence of
high penetrations of HP, CHP and PV appliances on power quality aspects like harmonics,
unbalance, frequency stability and others on all voltage levels.
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A Regulatory Boundary Conditions

Table A.1: EN 50160 regulations for power quality (continuous phenomena) [22][21]

Phenomenon

Limit

Frequency

Voltage Change

Flicker

Unbalance

Harmonics

50 Hz 4+ 1 % for 99.5 % of time
50 Hz 4 4 % — 6 % for 100 % of time
+ 10 % of nominal voltage

+ 10 % — 15 % of nominal voltage for a maximum of 5%
of the 10 min mean values of a week interval

Long-term flicker magnitude Py < 1 for 95 % in a week
interval

Negative sequence component has to be within 0 to 2 %
of positive sequence component for 95 % of the 10 min
mean values in a week interval

Magnitude within the limits specified in a table stating
order and relative voltage amplitude of the harmonics for
95 % of the 10 min mean values in a week interval
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Table A.2: VDE-AR-N 4105 regulations regarding connection and operation of generators

[22]

Connection Criteria

Operation requirements

Phenomenon Limit Measure Requirement
Voltage + 3 % of voltage Voltage Generators have to
without Distributed Stability be able to participate
Generation on voltage stability
measures of grid
operator
Flicker Long-term flicker Voltage Reactive power
magnitude of all Response  response according
generators Py < 0.5 to fixed cos(y) or
cos(y) characteristic
given by grid
operator
Harmonics Magnitude within the Frequency  No automatic
limits specified in a Response  disconnection due to
table stating order frequency deviations
and relative voltage between 47.5 and 50
amplitude of the Hz. Modulate output
harmonics power to a given
characteristic
between 50.2 and
51.5 Hz
Unbalance  APpnases < 4.6 KVA Grid Safety Reduction of active

Management power output to, or

below, a percentage
of Pmax given by grid
operator
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B Simulation Model

B.1 Load Profile Data

Table B.1: Overview Load Profiles

People User Type Electric DHW Energy Maximum

Energy (kWh/a) Temperature
(kWh/a) Setting (°C)

1 Athlete 1 1519 365 23

1 Athlete 2 1343 370 23

1 Commuter 819 402 23

2 Standard 2117 1176 23

2 Pensioner 2020 1153 24

3 Standard 1 3846 1463 23

3 Standard 2 3404 1901 23

4 Standard 4007 2297 23

4 Efficient 2558 1664 23

4 Luxurious 5563 2297 23

8 Standard 8217 5001 23
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Table B.2: Overview Load Profiles Heat Power

Suburban Urban
People User Type Qnew Qref Qold Qnew Qold
(kWh/a) (kWh/a) (kWh/a) (kWh/a) (kWh/a)
1 Athlete 1 11252 14977 27869 2926 7179
1 Athlete 2 10960 14633 27390 2803 7018
1 Commuter 9879 13560 25097 2615 6736
2 Standard 14646 17748 41639 3806 8092
2 Pensioner 13516 16168 30343 4246 7538
3 Standard 1 13754 16871 30788 3218 6958
3 Standard 2 13937 16576 29423 3754 7336
4 Standard 11479 14225 27374 2484 5647
4 Efficient 12278 15171 28430 2978 6449
4 Luxurious 10750 13284 26312 1669 4947
8 Standard 9908 12668 25759
Table B.3: Average relative heat demand per flat
House Type Detached Detached Detached Multi Multi
new refur- old family family old
bished new

Average heat 12034 15080 29129 3050 6790

demand (kWh/a)

Living area (m?) 184 130 130 60 60

Relative heat 65 116 224 51 113

demand

(kWh/m?a)

Classification low medium high low medium

heating index
[64]
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Figure B.1: BDEW HO profile compared to suburban load profile
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Figure B.2: BDEW HO profile compared to urban load profile
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Figure B.3: CHP thermal efficiency

Table B.4: Maximum supply and return temperatures of heating system

STmax/°C RTmax / °C
New Building Radiator 55 45
Floor heating 40 35
Old Building Radiator 70 55
Floor heating 50 40
Hot Water CHP 70 15 (fixed)

HP 60 15 (fixed)
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B.3 Cable Parameters

Table B.5: Cable parameters

NAYY NAYY NAYY NAYY NAYY NAYY NFA2X NFA2X
4x25 4x35 4x70 4x150 4x240 4x300 4x25 4x95
RE RE SE SE
Urban Old New Old New
Suburban New New Old Old
lrated (A) 102 123 179 275 364 419 107 245
[112] [112] [112] [112] [113] [113] [114] [114]
Imax (KA) 1.90 2.66 5.32 11.40 18.2 22.8 1.30 5.20
[113] [113] [113] [113] [113] [113] [114] [114]
R’ (2/km) 1.200 1.040 0.443 0.248 0.125 0.1 1.200 0.320
[113] [113] [113] [113] [113] [113] [115] [115]
R’ (©2/km) 4800 4.160 1.772 0.992 0.5 0.4 4800 1.280
[116] [116] [116] [116] [116] [116] [116] [116]
XL (€2/km) 0.088 0.086 0.082 0.080 0.080 0.088 0.077 0.072
[113] [113] [113] [113] [113] [113] [117] [117]
X' Lo (/km) 0.352 0.344 0328 0.320 0.320 0.352 0.308 0.287
[116] [116] [116] [116] [116] [116] [116] [116]
C’ (UF/km) 0.300 0.320 0.350 0450 0.550 0.620 0.131 0.144
[115] [115] [115] [115] [115] [115] [116] [116]
C’o (UF/km) 0.180 0.192 0.210 0.270 0.330 0.372 0.016 0.017

[116]

[116]

[116]

[116]

[116]

[116]

[116]

[116]
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B.4 Transformer Parameters

Table B.6: Transformer parameters

Suburban Urban

new old new old
Prominal (KVA) 630 400 630 630
Vv (KV) 21 21 10.5 10.5
Vv (kV) 0.42 0.42 0.42 0.42
uk (%) 4.00 4.00 4.00 4.00
ukr (%) 1.03 2.20 1.03 2.10
ukO (%) 4.00 4.00 4.00 4.00

ukor (%) 1.03 2.20 1.03 2.10
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B.5 Grid topology

Table B.7: Classification of typical grid types according to [30]

Grid Type Transformer  Load density Cable Feeder
power length
A Urban 400 kVA High NAYY 4x120 < 300m
630 kVA NAYY 4x150
NAYY 4x185
NAYY 4x240
B Block 400 kVA High NAYY 4x150 < 300m
Buildings 630 kVA NAYY 4x185
NAYY 4x240
C Business 400 kVA Medium to NAYY 4x120 < 400m
Park 630 kVA High NAYY 4x150
NAYY 4x185
NAYY 4x240
D1 Detached 160 kVA Medium AlI/NF A2X 4x50 <400m
Houses Old 250 kVA AlI/NF A2X 4x70
400 kVA Al/NF A2X 4x95
D2 Detached 160 kVA Medium NAYY 4x120 < 400m
Houses New 250 kVA NAYY 4x150
400 kVA NAYY 4x185
E Village 160 kVA Medium AlI/NF A2X 4x70 < 600m
250 kVA Al/NF A2X 4x95
400 kVA
F  Rural 100 kVA Low to AlI/NF A2X 4x70 < 1000m
160 kVA Medium Al/NF A2X 4x95
250 kVA
G Rural 100 kVA Medium Al/NF A2X 4x25 > 800m
(doubly fed) 160 kVA Al/NF A2X 4x35
250 kVA AI/NF A2X 4x50
AlI/NF A2X 4x70

AI/NF A2X 4x95
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C Appliance Characteristics
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Figure C.1: Transformer loading characteristic of CHP systems (suburban old grid)
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Figure C.2: Transformer loading characteristic of HP systems (suburban old grid)
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Figure C.4: Transformer loading characteristic of combined CHP and HP systems (sub-
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Figure C.5: Transformer loading characteristic of combined PV and HP systems (suburban
old grid)
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D 2020 Scenario

D.1 Literature 2020 Scenario Development

Table D.1: Literature sources for 2020 scenario development

Year Study Publisher CHP  HP PV
German Federal Government
2009 Die Entwicklung der Energiemarkte bis 2030 - BMWi X [118]
Energieprognose 2009
2010 Energieszenarien fir ein Energiekonzept der Bundesregierung ~ BMWi X [119]
2010 Leitstudie im Auftrag des Bundesministeriums fur Umwelt BMU X X X [86]
2010 National Renewable Energy Action Plan - Germany X X X [120]
2011 Energieszenarien 2011 BMWi X [121]
2012 Leitstudie im Auftrag des Bundesministeriums fur Umwelt BMU X X X [80]
2012  Antwort auf kleine Anfrage der Fraktion Blindnis 90 / die Bundestag X [87]
Griinen
Industrial Associations
2009 Strom-Ausbauprognose der Erneuerbare-Energien-Branche BEE X [122]
2009 Ausbauprognose der Erneuerbare-Energien-Branche Teil 2: BEE X [123]
Warmeversorgung 2020
2011 Branchenprognose 2011 BWP X [84]
2012 Micro-CHP Market Statistics & Forecast Delta EE X [82]
Universities / Institutes
2009 Dynamische Simulation der Stromversorgung in Deutschland IWES X [124]
nach dem Ausbauszenario der
Erneuerbaren-Energien-Branche
2010 Grid Study Il. Integration of Renewable Energy Sources in the dena X [125]
German Power supply System from 2015 - 2020 with an
Outlook to 2025
2011 Cogeneration Case Studies Handbook CODE X [126]
2012  Okonomische und dkologische Analyse von Brennstoffzellen IFEU X [127]
Heizgeraten
2013 Estimation of the economic addressable market of micro-CHP MICROGEN X X [83]
and heat pumps based on the status of the residential building
sector in Germany
Federal Network Agency
2013 Netzentwicklungsplan der Bundesnetzagentur - Draft 2013 BNA X [81]
Non Governmental Organisations (NGOs)
2009 Plan B 2050 Greenpeace X X [128]
2009 Modell Deutschland: Klimaschutz bis 2050 WWF X [129]
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D.2 Distribution of Appliances in the Grids

Table D.2: Distribution of Appliances in Grid Suburban New
House HP CHP PV | House HP CHP PV | House HP CHP PV | House CHP PV
1 X | 43 X 85 X | 127
2 X X | 44 86 X X | 128 X
3 X X | 45 87 129 X
4 46 X 88 X X | 130 X
5 X | 47 89 X | 131
6 X X | 48 X 90 X X | 132
7 X | 49 91 X 133 X
8 X 50 X 92 X | 134 X
9 X | 51 X 93 X X | 135 X
10 X X | 52 94 X X | 136
11 X X | 53 X 95 137 X
12 X 54 X 9 X X | 138 X
13 X | 55 97 X X | 139
14 X X | 56 X 98 X X | 140 X
15 X | 57 99 X 141 X
16 X 58 X 100 X | 142 X
17 X X | 59 X 101 X | 143 X
18 X X | 60 102 X X | 144
19 X X | 61 103 145 X
20 62 X 104 X X | 146 X
21 X | 63 105 X | 147 X
22 X X | 64 X 106 X X | 148
23 X X | 65 107 X 149 X
24 X 66 X 108 X | 150 X
25 X | 67 X 109 X | 151 X
26 X X | 68 110 X X | 152
27 X 69 X 11 153 X
28 X | 70 X 112 X X | 154 X
29 X X | 71 X 113 X | 155 X
30 X X | 72 X 114 X X | 156
31 73 115 X 157 X
32 X X | 74 X 116 X | 158 X
33 X |75 X 117 159 X
34 X X | 76 118 X X | 160
35 X 77 119 161 X
36 X |78 X 120 X X | 162 X
37 X X |79 121 X X | 163 X
38 X X | 80 X 122 X X | 164
39 81 123 X 165 X
40 X X | 82 X 124 X | 166 X
41 X X | 83 X 125 X X
42 X X | 84 126 X X
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Table D.3: Distribution of Appliances in Grid Suburban Old

House HP CHP PV | House CHP PV | House CHP PV | House HP CHP PV

1 43 85 127

2 44 X 86 128 X X

3 45 87 129

4 46 88 130

5 47 89 X | 131 X

6 48 X | 90 132

7 49 91 133 X

8 X 50 92 134

9 51 93 135

10 52 X | 94 136

11 53 95 137

12 54 96 X 138 X

13 55 97 139

14 56 X | 98 140 X

15 57 99 141

16 58 100 142 X

17 59 101 X | 143 X

18 60 X 102 144

19 61 103 145

20 62 104 146

21 63 105 147 X

22 64 106 148

23 65 X | 107 149

24 66 108 150

25 67 109 X | 151 X

26 68 110 152

27 X 69 111 153

28 70 112 154

29 71 113 X | 155

30 72 X 114 156

31 73 115 157

32 74 116 158 X

33 75 117 159

34 76 118 X | 160 X

35 77 X | 119 161

36 78 120 162

37 79 121 163 X

38 80 122 164

39 81 123 165

40 82 X | 124 X | 166 X

41 83 125

42 84 126
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Table D.4: Distribution of Appliances in Grid Urban New

House HP CHP PV | House HP CHP PV | House HP CHP PV | House HP CHP PV
1 X 10 X 19 X 28 X X
2 X 11 X X | 20 X X |29 X

3 X X | 12 X 21 X 30 X

4 X 13 X 22 X 31 X X
5 X 14 X 23 X 32 X

6 X 15 X X |24 X |33 X

7 X X |16 X 25 34 X X
8 17 X 26 X 35

9 X 18 X 27 X 36 X

Table D.5: Distribution of Appliances in Grid Urban Old

House HP CHP PV | House HP CHP PV | House HP CHP PV | House HP CHP PV
1 10 19 28
2 11 20 X 29
3 12 21 30
4 13 22 31
5 X | 14 23 32
6 15 24 X | 33
7 16 25 34
8 17 26 35
9 18 27 36
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Table D.6: Appliance parametrisation for different house types

Detached House Apartment Building
Power New Refurbished Old New Old
Stirling 1 kWy 1 kWg 1 kWg - -
ICE 1 kWy 1 kWg 1 kWg 5 kWg 5 kWg
SOFC 0.7 kWyq 0.7 kWyg 0.7 kWyg - -
HP (Air/Water) 8 kWi, 10 kWy, 13 kWi, 20 kWi, -
HP 8 kWi, 10 kWy, 13 kWi, 20 kW, -
(Brine/Water)
PV 4 kW 6 kW 6 kW 6 kKWg 6 kW,
D.3 Results
D.3.1 Suburban New
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Figure D.1: Voltage at the end of the longest feeder in suburban grid new w/o appliances
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Figure D.2: Voltage at the end of the longest feeder in suburban grid new w/ appliances
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Figure D.3: Voltage at the end of the longest feeder in suburban grid new w/o appliances
including MV grid fluctuations
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Figure D.4: Voltage at the end of the longest feeder in suburban grid new w/ appliances
and MV grid voltage fluctuations
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D.3.2 Suburban Old
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Figure D.7: Voltage at the end of the longest feeder in suburban grid old w/o appliances
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Figure D.8: Voltage at the end of the longest feeder in suburban grid old w/ appliances
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Figure D.9: Voltage at the end of the longest feeder in suburban grid old w/o appliances
including MV grid fluctuations
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Figure D.10: Voltage at the end of the longest feeder in suburban grid old w/ appliances
and MV grid voltage fluctuations
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Figure D.12: Current at beginning of considered feeder in suburban grid old w/ appliances
and MV grid voltage fluctuations
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D.3.3 Urban New
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Figure D.13: Voltage at the end of the longest feeder in urban grid new w/o appliances
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Figure D.14: Voltage at the end of the longest feeder in urban grid new w/ appliances
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Figure D.16: Voltage at the end of the longest feeder in urban grid new w/ appliances and
MV grid voltage fluctuations
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and MV grid voltage fluctuations
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D.3.4 Urban Old
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Figure D.21: Voltage at the end of the longest feeder in urban grid old w/o appliances in-
cluding MV grid fluctuations
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Figure D.22: Voltage at the end of the longest feeder in urban grid old w/ appliances and
MV grid voltage fluctuations
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Figure D.23: Current at transformer in urban grid old w/ appliances and MV grid voltage
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E Measures

E.1 DSO Based

E.1.1 DG-FACTS

Table E.1: Parameters of DG-FACTS controller

Parameter a b c d

Active Power Control 0.005 0.085 0.085 0.005
Reactive Power Control 0.01 0.07 0.07 0.01

Table E.2: Dimensioning of DG-FACTS device

Usable battery capacity (kWh)

Active Reactive overvoltage undervoltage
power power regulation regulation
(kW) (kvar)

Value 99 40 0 280
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E.2 End-User Based

E.2.1 Reactive power control - Generators

Table E.3: Parameters of cosV09 and cosV095 controller

Parameter Maximum power Maximum power a b c d
factor overexcited factor
underexcited
cosV09 0.9 0.9 0.01 0.08 0.08 0.01
cosV095 0.95 0.95 0.01 0.08 0.08 0.01

E.2.2 Reactive power control - Demand side

Table E.4: Parameters of cosVO9HP and cosV095HP controller

Parameter  Maximum power  Maximum power a b c d
factor factor
overexcited underexcited
cosVO9HP 0.9 0.9 0.01 0.08 0.08 0.01
cosV095HP 0.95 0.95 0.01 0.08 0.08 0.01

E.2.3 Distributed storage for voltage control

Table E.5: Parameters of distributed battery voltage controller

Parameter a b c d Max. power sco
(kW)
Active Power 0 0.09 0.09 0 3.2

Control
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F Data Basis for Economic Evaluation

Table F.1: VAT status of different costs for the end-user

Status CHP PV HP Boiler Battery Grid

Grid gas VAT VAT VAT
Grid VAT VAT
electricity
Grid losses no
VAT
PV feed-in no no
VAT VAT
CHP feed-in no no
VAT VAT
CHP no no
generation VAT VAT
CHP avoided no no
grid fees VAT VAT
CHP gas no no
energy tax VAT VAT
refund
Inverter no VAT no VAT VAT
VAT VAT
Battery no VAT
VAT
Building no
FACTS VAT
OLTC no
VAT
Cable no

VAT
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Table F.2: VAT status of different costs for the DSO

Status Cables FACTS OLTC Losses

Grid gas VAT

Grid electricity VAT

Grid losses no VAT no VAT
PV feed-in no VAT

CHP feed-in no VAT

CHP generation no VAT

CHP avoided grid fees  no VAT
CHP gas energy tax no VAT

refund

Inverter no VAT no VAT

Battery no VAT no VAT

Building FACTS no VAT no VAT

OLTC no VAT no VAT

Cable no VAT no VAT
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Table F.3: Annuity overview

A C T (years)

Acable invest Ceable * leable 40 (53]
AoLTC invest Corrc 40 [10]
ADG-FACTS inverter_investCinverter - SDG—FACTS 15 [130]
ADG—FACTS battery invest Chattery - Capacitypc—racts 20 [131]
ADG—FACTS building invest Chuilding 40 (10]
ADG-FACTS losses Cyridosses - EDG—FACTS 1osses 0.038
Agrid_losses Cyridosses - AEgrid losses 0.038
AHP_invest Cinverter - ASHP 15 [130]
ACHP invest Cinverter - AScHPp 15 [130]
ACHP_operation (Conp_feed—in + Cyrid_fees) - 0.038

AE‘C’HP,feed—in +
CCHP,generation :
AECHP,generation

APVJ'm;est Cinverter : AS’PV 15 [1 30]
APV,feedfin CPV,feedfin ' AEIPV,feealfin 0.038
Astorage,inverter,invest C’inverter . Sstorage 15 [1 30]
Astorage,battery,invest Cbattery : Capadtystorage 20 [131]
Aelectrieity,consumption Celectricity,grid : AEelectricity,grid 0.038
Agzzs,consumption Cgas : AEgas,grid + Cgas,tar : 0.038

AEyqs cHP/TCHP.el
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G Results
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G.1 Reference Scenario

Table G.1: Voltage level and equipment loading in reference scenario

Measure Vimax Vinin Trafo load Cable
load
Reference 1.09 0.83 OK OK
Expansion 1.05 0.92 OK OK
Cable 1.07 0.90 OK OK
Feeder 8 1.09 0.86 OK OK
OLTC 1.05 0.90 OK OK
DG-FACTS 1.09 0.91 OK OK
VDE 1.09 0.83 OK OK
EEG 1.08 0.83 OK OK
APC 1.09 0.83 OK OK
APCth 1.09 0.83 OK OK
cosP 1.08 0.83 OK OK
cosV09 1.09 0.83 OK OK
cosV095 1.09 0.83 OK OK
DSM 1.09 0.89 OK OK
DSMth 1.09 0.89 OK OK
cosPO9HP 1.10 0.86 OK OK
cosP095HP 1.10 0.85 OK OK
cosVO9HP 1.09 0.85 OK OK
cosV0O95HP 1.09 0.85 OK OK
sco 1.09 0.83 OK OK
stoV 1.09 0.90 OK OK
SotA 1.08 0.83 OK OK
SotA + Expansion 1.05 0.92 OK OK
SotA + Cable 1.05 0.90 OK OK
SotA + OLTC 1.05 0.90 OK OK
SotA + DG-FACTS 1.07 0.91 OK OK
SotA + DSM 1.08 0.89 OK OK

SotA + stoV 1.07 0.90 OK OK
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Table G.2: Economic results reference scenario

End-User Costs (%) DSO Costs (%) Total (%)
Measure Operation Invest Operation Invest
Expansion 0 0 -0.22 1.18 0.95
Cable 0 0 -0.30 1.75 1.44
Feeder 8 0 0 -0.17 0.31 0.13
OLTC 0 0 -0.05 0.40 0.36
DG-FACTS 0 0 -0.07 8.69 8.62
VDE 0 0 0 0 0
EEG 0.55 -1.54 -0.01 0 -0.99
APC 0 0 0 0 0
APCth 0.02 0 0 0 0
cosP 0.14 1.69 0.01 0 1.84
cosV09 0.20 2.48 0 0 2.68
cosV095 0.13 1.69 0 0 1.83
DSM 0.49 0 -0.07 0 0.42
DSMth 0.76 0 -0.07 0 0.70
cosPO9HP 1.08 1.47 -0.56 0 1.97
cosP0O95HP 0.69 1.01 -0.39 0 1.30
cosVO9HP 0.85 1.47 -0.08 0 2.24
cosV0O95HP 0.58 1.01 -0.07 0 1.53
SCo -10.62 10.82 -0.10 0 0.09
stoV -8.94 41.22 -0.04 0 32.26
SotA 0.69 -0.35 0 0 0.34
SotA + 0.69 -0.35 -0.23 1.18 1.30
Expansion
SotA + Cable 0.69 -0.35 -0.30 1.75 1.78
SotA + OLTC 0.69 -0.35 -0.05 0.40 0.70
SotA + 0.69 -0.35 -0.08 8.69 8.95
DG-FACTS
SotA + DSM 1.26 -0.35 -0.07 0 0.84

SotA + stoV -8.12 40.87 -0.03 0 32.75
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Figure G.1: Sensitivity analysis of the economic evaluation in reference scenario regarding
the anticipated prices. Costs for measures are shown relative to end-user costs
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G.2 Maximum PV Scenario

Table G.3: Voltage level and equipment loading in maximum PV scenario

Measure Vimax Vinin Trafo load Cable
load
Reference 1.16 0.84 OK overload
Expansion 1.10 0.90 OK OK
Cable 1.10 0.90 OK OK
Feeder 8 1.10 0.87 OK OK
OLTC 1.08 0.93 OK OK
DG-FACTS 1.10 0.91 OK OK
VDE 1.10 0.87 OK OK
EEG 1.10 0.87 OK OK
APC 1.10 0.87 OK OK
APCth 1.10 0.87 OK OK
cosP 1.10 0.87 OK OK
cosV09 1.10 0.87 OK OK
cosV095 1.10 0.87 OK OK
DSM 1.10 0.90 OK OK
DSMth 1.10 0.90 OK OK
cosPO9HP 1.10 0.89 OK OK
cosP095HP 1.10 0.88 OK OK
cosVO9HP 1.10 0.88 OK OK
cosV095HP 1.10 0.88 OK OK
SCo 1.10 0.87 OK OK
stoV 1.10 0.90 OK OK
SotA 1.10 0.87 OK OK
SotA + Expansion 1.08 0.90 OK OK
SotA + Cable 1.07 0.90 OK OK
SotA + OLTC 1.05 0.93 OK OK
SotA + DG-FACTS 1.09 0.91 OK OK
SotA + DSM 1.10 0.90 OK OK

SotA + stoV 1.09 0.90 OK OK
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Table G.4: Economic results of maximum PV scenario

End-User Costs (%) DSO Costs (%) Total (%)
Measure Operation Invest Operation Invest
Expansion 0.32 0 -0.37 1.03 0.96
Cable 0 0 -0.57 217 1.56
Feeder 8 0 0 -0.33 0.38 0.04
OLTC 0 0 -0.33 0.88 0.54
DG-FACTS 0 0 -0.32 15.2 14.87
VDE 1.90 0 -0.39 0.38 1.91
EEG 2.14 -1.91 -0.41 0.38 0.23
APC 1.86 0 -0.40 0.38 1.86
APCth 1.88 0 -0.40 0.38 1.88
cosP 0.39 2.10 -0.33 0.38 2.52
cosV09 0.86 3.07 -0.32 0.38 3.99
cosV095 1.12 2.10 -0.34 0.38 3.25
DSM 1.92 0 -0.42 0.38 1.90
DSMth 2.20 0 -0.42 0.38 2.18
cosPO9HP 3.22 1.82 -0.95 0.38 4.47
cosP095HP 2.77 1.25 -0.77 0.38 3.63
cosVO9HP 2.70 1.82 -0.45 0.38 4.47
cosV095HP 2.46 1.25 -0.43 0.38 3.68
sco -18.57 16.42 -0.67 0.38 —2.44
stoV -21.80 60.20 -0.69 0.38 38.08
SotA 1.79 -0.44 -0.42 0.38 1.32
SotA + 1.79 -0.44 -0.45 1.03 1.94
Expansion
SotA + Cable 1.79 -0.44 -0.66 2.17 2.86
SotA + OLTC 1.79 -0.44 -0.43 0.88 1.81
SotA + 1.79 -0.44 -0.38 15.20 16.18
DG-FACTS
SotA + DSM 1.82 -0.44 -0.45 0.38 1.33

SotA + stoV -17.92 59.76 -0.69 0.38 41.55
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heat pump
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