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Abstract

The increasing integration of renewable energies is driving the transformation of
the power grid in Germany. Renewable energy sources, which are mostly
allocated in distribution grids, are replacing fossil power plants, that are mostly
applied in the transport grid. This shift to more renewable energies entails the
expansion of the power transport capacities in the distribution grid. The
conventional expansion of the power grid in Germany is, however, proceeding
slowly, due to the delay in the authorization procedures. Therefore, new solutions
that enable a higher utilization of the existing grid must be adopted besides the
classical grid expansion in order to achieve the planned energy transition goals
[1].

This research work presents a new grid planning method which applies innovative
technologies, in addition to the conventional planning instruments with overhead
lines and cables, to optimize and expand the existing grid. The innovative planning
instruments considered are battery storage systems and dynamic power
curtailment. The proposed approach has been implemented in a time
series-based framework as an automated planning algorithm. Based on the
selected planning instruments, the planning algorithm determines for a given
distribution grid the tailored and most cost-efficient measures to prevent
prognosticated grid congestion.

The results of the planning algorithm depend on the considered grid, the
renewable expansion scenario and the grid voltage level. The application of the
proposed planning method on a real high-voltage grid has revealed that the use
of dynamic power curtailment in the grid planning in addition to the conventional
grid expansion reduces the required overhead lines to 63 % in case of grid
expansion with overhead lines. In case of grid expansion with underground
cables, the required cables could be reduced to 51 % through the application of
the dynamic power curtailment. The total expansion costs could be, thereby,
decreased by about 30 % as compared to the grid expansion with mere overhead
lines, and by about 43 % as compared to the grid expansion with mere
underground cables.

Furthermore, the results of the planning algorithm have proven that the application
of battery storage systems in the grid planning in combination with the dynamic
power curtailment and the conventional grid expansion with cables could lead to
a reduction of the required cables to about 40.5 %. At the same time, the total
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costs of the grid expansion can be reduced by about 46 % as compared to the
grid expansion costs based on cables.

The combined application of overhead lines and dynamic power curtailment has
proven to be the most economical planning variant for the considered high-voltage
grid. Nonetheless, in case of slow authorization processes for the conventional
grid expansion with overhead lines, a combined application of underground
cables, Battery storage systems and dynamic power curtailment can be
conceivable although several times more expensive than the first variant.

The proposed planning methodology provides a reliable remedy for an
economical and need-based planning of the grid. In case of faltering conventional
grid expansion, the planning method enables different expansion variants using
flexibilities, such as battery storage systems and dynamic power curtailment to
reach a higher utilization of the existing grid and reduce the application of
conventional measures such as overhead lines and cables.
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Kurzfassung

Die aktuell zunehmende Integration von erneuerbaren Energien in Deutschland
heutzutage treibt die Transformation des Stromnetzes voran. Erneuerbare
Energieanlagen, die dezentral im Verteilnetz verbreitet sind, ersetzen zunehmend
fossile Kraftwerke, die tiberwiegend auf der Ubertragungsebene eingesetzt sind.
Dieser Ubergang zu mehr erneuerbaren Energien erfordert den Ausbau von
hoheren Transportkapazitdten im Verteilnetz. In manchen Regionen in
Deutschland kommt der konventionelle Netzausbau allerdings aufgrund von
schleppenden Neubaugenehmigungen nur langsam voran. Deshalb ist
heutzutage neben dem unerlasslichen klassischen Netzausbau eine bessere
Ausnutzung des Bestandnetzes erforderlich, um die geplanten Ziele der
Energiewende zu erreichen [1]. Dies erfordert einen Netzplanungsansatz,
welcher unterschiedliche Lésungen und MalRBnahmen berticksichtigt. Diese Arbeit
prasentiert eine neue Planungsmethode fir Verteilnetze, die neben dem
klassischen Netzausbau mit Freileitungen und Kabeln innovative
Planungsinstrumente wie Batteriespeichersysteme oder die dynamische
Spitzenkappung zur Netzoptimierung und -verstarkung nutzt. Die vorgeschlagene
Planungsmethode wurde als automatisierter Planungsalgorithmus in einer
zeitreihenbasierten Umgebung implementiert. Ausgehend von den gewahlten
Planungsinstrumenten ermittelt der Planungsalgorithmus die bedarfsorientierten
und kostengunstigsten Mal3nahmen zur Optimierung und Verstarkung des
betrachteten Netzes, um prognostizierte Engpéasse zu verhindern.

Die resultierenden Malinahmen aus dem Planungsalgorithmus hangen von dem
betrachteten Netz, dem Ausbauszenario flr erneuerbare Energien und von der
Netzspannungsebene ab. Der Einsatz der vorgeschlagenen Planungsmethode
an einem realen Hochspannungsnetz in Deutschland hat ergeben, dass die
Nutzung der zeitreihenbasierten dynamischen Spitzenkappung neben dem
konventionellen Netzausbau zu einer Verringerung der bendtigten
Freileitungsmalinahmen auf ca. 63 % im Falle des Netzausbaus mit Freileitungen,
und auf 51 % im Falle des Netzausbaus mit Kabeln fiihren kann.

Dabei konnen die Gesamtkosten der Netzausbaumaflnahmen durch den Einsatz
der dynamischen Spitzenkappung um ca. 30 % im Vergleich zum Netzausbau mit
Freileitungen und ca. 43 % im Vergleich zum Netzausbau mit Kabeln reduziert
werden.

Dartber hinaus haben die Ergebnisse des Planungsalgorithmus erwiesen, dass
der Einsatz von Batteriespeichern in Kombination mit der dynamischen
Spitzenkappung und dem konventionellen Netzausbau mit Kabeln zu einer
Reduktion der benétigten KabelmalRnahmen auf ca. 40.5 % fuhren kann.
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Gleichzeitig kbnnen die Gesamtnetzausbaukosten um ca. 46 % im Vergleich zum
Netzausbau mit Kabeln reduziert werden.

Der kombinierte Einsatz von Freileitungen und dynamischer Spitzenkappung hat
sich fur das betrachtete Hochspannungsnetz als kostenglnstigste
Planungsvariante erwiesen. Im Falle von stockenden Neubaugenehmigungen
konnte ein kombinierter Einsatz von Kabeln, Batteriespeichern und dynamischer
Spitzenkappung eine mogliche Alternative sein, auch wenn dies mit mehrfachen
Kosten im Vergleich zum Netzausbau mit Freileitungen verbunden ist.

Die vorgeschlagene Planungsmethode stellt eine zuverlassige Abhilfe fur eine
wirtschaftliche und bedarfsorientierte Netzplanung dar. Sie ermdglicht auch
unterschiedliche Netzausbauvarianten durch den Einsatz von Flexibilitaten wie
Batteriespeichern und dynamischer Spitzenkappung, um eine héhere Nutzung
des Bestandnetzes zu erreichen und den konventionellen Netzausbau zu
reduzieren.
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1 Introduction

1.1 Motivation and Background

In the context of the energy transition, several energy goals have been set by the
German government. The target goals include the phaseout of nuclear energy by
2022, the increase of the renewable energy share in gross electricity consumption
to 65 % by 2030 and the phaseout of coal by 2038. By 2050, the share of
renewable energy in gross electricity consumption is targeted at 80 % [2].
Consequently, power generation is no longer realized centrally in big power plants
at the extra-high voltage (EHV) level and then transported through the
transmission and distribution grids to the end consumer. Instead, electrical power
Is increasingly being generated decentrally at the low- and medium-voltage levels
and then transported to the end consumer. However, the distribution grid is not
designed to transport high power flow values caused by the increasing feed-in
power from renewable energy systems (RES). Consequently, grid congestion in
distribution grids is more likely to occur. In order to enable the increasing
integration of RES and simultaneously ensure a safe grid operation, the German
legislator imposes a need-oriented optimization, reinforcement and expansion of
the power grid [3]. Accordingly, system operators in Germany are obliged to
enhance the power grid according to the NOVA (Netz-Optimierung vor
Verstarkung vor Ausbau) principle, which implies that the power grid must, firstly,
be optimized, then, if necessary, reinforced, and finally, if necessary, expanded
[4]. The aim hereby is to reduce the conventional grid expansion (CGE) by a
higher utilization of the existing grid infrastructure and further flexibility potentials
[5, 6].

Therefore, the contribution of innovative technologies and means, such as battery
storage systems (BSS) and dynamic power curtailment (DPC) of RES to enhance
the utilization of the existing grid, is today gaining importance and being
increasingly investigated.

However, these innovative technologies are generally considered separately to
remedy selective grid congestion during the grid operation, and not directly
integrated into the grid planning process, as are overhead lines or cables.
Furthermore, automated methods which combine different types of planning
instruments in the grid planning process are missing. Additionally, methods which
determine automatically the most appropriate expansion measure or combination
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of measures for each grid impartially and need-oriented based on predefined
criteria, such as the total investment and operating costs, are lacking today.

Against this background, this thesis proposes a new planning methodology that
combines conventional planning instruments, such as overhead lines (OHLs) and
underground cables (UGCs), with innovative planning instruments, such as BSS
and DPC, in the grid planning process. The proposed planning approach
considers these planning instruments impartially for the expansion of the existing
grid, and determines the appropriate combination of expansion measures, as well
as their location and sizing in order to fulfill the planning principles at minimal
COsSts.

The proposed planning methodology was implemented in the form of a planning
algorithm and verified on real high- (HV) and medium-voltage (MV) grids. The
contribution of BSS and DPC in increasing the utilization of the existing grids,
reducing the use of CGE measures and saving expansion costs were technically
and economically analyzed in this work.

Furthermore, a multiuse concept for the BSS was developed which allows the
participation of the BSS into the European EPEX Day-Ahead market in addition
to their grid-supporting application. The contribution of the profits generated from
the electricity trade to reducing the total costs of the BSS was further investigated.

1.2 Objective of the Research Work

The aim of this work is to provide an innovative planning methodology for HV and
MV grids which automatically delivers the cost minimal planning solution for the
grid in consideration of the grid planning principles. Accordingly, a planning
algorithm based on a mixed-integer linear programming (MILP) optimization was
implemented. The main objective of the optimization is to minimize the total costs
of the planning measures over a specified economic life. With the help of a
linearized load flow calculation, linear constraints were implemented to model the
grid planning principles and restrictions. The delivered planning solution includes:

e The required conventional expansion measures for the power lines, including
the type of each measure and lines concerned

e The required dimensioning, placement and scheduling of the BSS over the
simulated time period

e The required scheduling of the power curtailment (PC) of RES over the
simulated time period

e The total costs of the resulting planning measures over the considered
economic life
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A further goal of this work is to integrate innovative planning instruments, such as
BSS and DPC, into the planning process. Compared with the classic planning
method which typically applies only traditional planning instruments, such as
OHLs and UGCs, the approach proposed in this work combines both classic and
innovative planning instruments. The combination of instruments of different types
could enable a higher utilization of the existing grid and a reduction of any further
required CGE measures. Especially in the case of obstructed grid expansion due
to faltering building permits in some regions in Germany, these new planning
instruments could offer an alternative solution to integrate more RES into the grid.

In addition, this work aims to evaluate and compare the different considered
planning instruments with each other based on the resulting costs when applied
for the planning and expansion of the same grid and according to the same
planning principles.

A further target of this work is to evaluate the cost-efficiency of each planning
instrument depending on the voltage level of the grid and trace from that the
tendentially most appropriate planning instruments for each voltage level. Based
on that, a general application framework of each planning instrument could be
deduced.

1.3 Scientific Thesis

The increasing integration of RES is leading to a higher loading of the distribution
grid. In order to prevent network congestion, system operators typically resort to
the CGE with OHLs or UGCs to increase the power transmission capacity of the
grid. Yet, the CGE of the distribution grid is not always accepted by the local
population, which begs the question as to whether other expansion solutions
could be applied to reduce the required CGE due to the RES integration without
increasing the total costs. Out of this question, the following scientific thesis of this
dissertation is derived:

It is possible to reduce the required CGE due to the increasing integration
of RES through the inclusion of the innovative planning instruments BSS
and DPC in the grid planning, and still decrease the total expansion costs.

1.4 Structure of the Work

This dissertation is divided into eight chapters. The first chapter introduces this
research work and describes its background and objectives. The second chapter
gives an overview of the state of the art regarding the classic planning of
distribution grids in Germany and the use of innovative methods and technologies,
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such as grid-supporting battery systems and dynamic curtailment, in the grid
planning. The third chapter outlines the methodology adopted for the generation
of the input data and the modelling of the distribution grids that are examined in
this work. In the fourth chapter, the developed planning algorithm is presented,
giving a detailed description of the implemented optimization. The results of the
planning algorithm are illustrated in the fifth chapter through an application on real
HV and MV grids. In the sixth chapter, a multiuse application of BSS to generate
profits is examined and evaluated. The seventh chapter describes the approach
adopted to analyze the sensitivity of the planning algorithm’s output to relevant
input parameters. The eighth chapter summarizes all results of the examined
issues and gives an overview of the findings of this research work and further
suggestions for its improvement.
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2  State of the Art in the Planning of Power
Distribution Grids

An outline of the state of the art in the planning of distribution grids is presented
in this chapter. In this regard, the planning and expansion principles currently
adopted by grid operators for MV and HV grids are described in detail.
Furthermore, an overview of the state of the art concerning the use of grid-
supporting BSS and DPC in the grid planning is given.

2.1 Classical Planning of Distribution Grids

The elaboration of a grid expansion plan requires the consideration of the
framework conditions and grid planning principles. The framework conditions
consist of the prognosis of additional load and RES in the grid during a specific
time frame. With the help of the grid analysis, the maintaining of the current-
carrying capacity of the grid components and the voltage limits are examined
according to the planning principles for the considered power grid. Hereby, two
relevant planning cases are considered: the high-load case and the high-
generation case of RES. Due to the increasing integration of RES, the high
generation case is becoming increasingly the relevant operation case in grid
planning [7]. Based on the results of the grid analysis, the appropriate CGE
measures are adopted to prevent prognosticated grid congestion. A detailed
description of the classic grid planning steps in Germany is given in the following
chapters.

2.1.1 Framework Conditions

At first, the expansion scenarios of the load and of RES for every federal state in
Germany are estimated based on the political goals of the federal government
and the state governments until a target year, for example, 2030. The RES power
installed in a state until 2030 is then distributed over the regions and municipalities
of each state.

The prognosticated wind power installed in each state is distributed over the
municipalities in proportion to the total arable surface of the municipality compared
to that of the considered state [8]. The wind resources and a 1000 m distance to
residential areas are also considered [9]. Additional solar parks are, however,
distributed along highways, whereas on-roof photovoltaic (PV) systems are



6 2 State of the Art in the Planning of Power Distribution Grids

distributed inside residential areas, depending on the number of inhabitants per
building [9].

In a next step, the additional RES power installed in every region is divided over
the voltage levels of the grid, depending on the technology and the expected plant
sizes. The additional wind plants and solar parks are mostly connected to the MV
grid, whereas on-roof PV systems are connected to the low-voltage (LV) grid [9].

2.1.2 Relevant Load and Generation Cases for the Grid Planning

Power grids within the classic deterministic grid planning are dimensioned for two
extreme load situations in order to ensure the reliability of the power supply. For
this purpose, scaling factors are used to model the high load consumption case
by minimal feed-in power from RES and the high RES generation case by minimal
load consumption. The applied scaling factors depend on the weather conditions
of the considered region. Table 2-1 and 2-2 show some of the scaling factors
adopted within the deterministic planning of HV and MV grids in Germany. For the
high load case, 100 % of the installed load and 0 % of the installed PV and wind
power are generally considered for both HV and MV grids. For the high generation
case in HV grids, 30 — 45 % of the installed load is adopted for the power demand,
whereas 85 — 90 % of the installed PV power and 90 — 100 % of the installed wind
power are applied for the simultaneous feed-in power of PV and wind plants,
respectively.

For the high generation case in MV grids, 15 — 30 % of the installed load is
adopted for the power consumption, whereas 85 % of the installed PV power and
100 % of the installed wind power are applied for the simultaneous feed-in power
of PV and wind plants, respectively.

The values adopted for the load consumption and feed-in power from RES could
deviate from the values presented in the tables, depending on the grid operator
and the considered region.

Table 2-1 Load and generation cases considered for the planning of HV grids

Load PV Wind
High load case 100 % [7, 8, 9] 0% [7, 8, 9] 0% [7, 8, 9]
High generation case 30 % [7], 85 % [7, 8] 90 % [9]
35 % (8], 90 % [9] 100 % [7, 8]
45 % [9]
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Table 2-2 Load and generation cases considered for the planning of MV grids

Load PV Wind
High load case 100 % [7, 8] 0% [7, 8, 9] 0% [7, 8, 9]
High generation case 15 % [8, 9] 85 % [7, 8, 9] 100 % [7, 8, 9]
30 % [7]

2.1.3 Relevant Grid Restrictions

Based on the considered load and generation cases, LFCs are realized in order
to identify any possible violations of grid restrictions. The relevant grid restrictions
for the planning of distribution grids are:

e Compliance with the current-carrying capacity of grid components
e Compliance with the permitted node voltage range

According to the planning principles, the grid restrictions are considered differently
depending on the voltage level of the grid.

2.1.3.1 Grid Restrictions Adopted for HV Grids

Compliance with the current-carrying capacity of grid components in
consideration of the (n-1) security criterion is required in HV grids. The (n-1)
criterion is a fundamental planning principle for HV grids in Germany for both high
load and high generation cases [7, 8, 10]. Accordingly, the grid components must
be steadily operated in consideration of a sufficient capacity reserve, so that the
(n-1) security criterion can be preventively fulfilled. To identify eventual overloads
and violations of the (n-1) security criterion, a contingency analysis is realized
within the grid planning comprising (n-1) outages of all HV power lines and
EHV/HV transformers. The maximal loading of grid components in HV grids must
not generally exceed 100 % of their thermal capacity for both normal and (n-1)
states [7, 8, 9]. It should be noted that the (n-1) criterion is not compulsory for the
lines which connect decentralized RES to the grid [9, 10].

2.1.3.2 Grid Restrictions Adopted for MV Grids

The (n-1) security criterion in the MV grid must be fulfilled only for the consumption
case [7, 8, 10]. The MV grids are mostly designed in the form of open rings
comprising two parallel line systems. In the high load case, the parallel power
lines and the HV/MV transformers are operated with a maximum of 50 [7] — 60 %
[8, 10] of their current-carrying capacity in the normal state, so that they can be
operated with 100 [7] — 120 % [8, 10] of their capacity in the (n-1) state. The
fulfilment of the (n-1) criterion in the high generation case is still not required in
the planning of MV grids nowadays. In the case of high feed-in power from RES,
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the power lines can, therefore, be operated with their 100 % thermal capacity in
the normal state [7-10]. In the (n-1) state, system operators can curtail the
exceeding RES power or disconnect the power plant manually or through distant
control in order to prevent overloads.

In addition to the current-carrying capacity of the grid components, the compliance
of the node voltage with the voltage limits allowed in the MV grid must be fulfilled.
According to the European norm EN 50160 [11], the node voltage at the end
consumer in the LV grid must be maintained within the voltage range of £10 % of
the nominal voltage. Therefore, grid operators divide the permitted +10 % voltage
range between the LV grid, LV/MV substation and MV grid.

Figure 2-1 shows the voltage range division according to [7] for the normal state
of the grid. The node voltage limits for MV grids are set in this case at +5 % and
-1.5 % of the nominal voltage [7].
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Figure 2-1 Division of the voltage range in the normal state [7]

The voltage in MV grids has been restricted to +4 % of the nominal voltage in [8],
whereas it amounts to +7 % and -3 % of the nominal voltage according to [9].

2.1.4 Standard Equipment for the Conventional Grid Expansion

The grid state is analyzed based on LFCs. In the case where the loading of the
grid components or the node voltages do not comply with the grid restrictions
described in 2.1.3, CGE measures are applied to remedy the limit violations. The
adopted measures depend on the type and extent of the identified congestion and
the grid voltage level.

2.1.4.1 Standard Equipment for the CGE of HV Grids

The common congestion determined in HV grids is due to the overload of power
lines in the normal or (n-1) state. In this case, the overloaded power lines are
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expanded based on standard equipment, such as OHLs or UGCs. Table 2-3
shows the standard grid equipment that is typically used for the CGE of HV grids
in Germany [7, 8, 12]. It should be noted that the standard equipment used by grid
operators for the expansion of the HV grid includes, but is not necessarily limited
to, the equipment mentioned in this work.

In addition to single and double conductor OHLs, 800 mm? UGCs with 890 A
current-carrying capacity are applied in HV grids. Due to the reduced thermal
conductivity in the ground and depending on how the cables are laid in the ground,
a 71 % to 80 % reduction of the current-carrying capacity of the cables compared
to the nominal value is adopted for the steady state operation.

Table 2-3 Standard equipment for the CGE of HV grids

Nominal Current- Permitted Current-
Carrying Capacity / A Carrying Capacity / A

Single conductor OHL 680 680 [7, 8, 12]
265/35 Al/St
Two bundle conductor 1360 1360 [7, 8, 12]
OHL 265/35 Al/St
Cable N2XS(FL)2Y 890 632 [12] - 712 [7, 8]
3x1x800RM/50

2.1.4.2 Standard Equipment for the CGE of MV Grids

In the MV grid, CGE measures are applied to prevent the overload of grid
components or the violation of the node voltage limits. In the case of an overload
problem, the MV grid can be expanded using standard equipment to overcome
the congestion. Table 2-4 shows the standard equipment that can be used for the
CGE of MV grids [7, 8, 13].

Table 2-4 Standard equipment for the CGE of MV grids

Type Current / Power Rating
Underground cable NA2XS2Y 3x1x185 361 A
HV/MV transformer 40 MVA

It should be noted that the standard equipment and measures applied by grid
operators for the CGE of MV grids could include, but is not necessarily limited to,
the equipment and measures mentioned in this work.
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2.1.5 Determination of the CGE Measures Required

The determination of the CGE measures required for a given grid is realized
depending on the grid voltage level. The methods adopted for the determination
of the CGE measures required in HV and MV grids within classic grid planning will
be explained in detail in the following sections.

2.1.5.1 Determination of the CGE Measures Required in HV Grids

Atfirst, the prognosticated installed power of additional loads and RES is allocated
to the appropriate power grids and distributed over the grid nodes. In a second
step, a contingency analysis is realized for all OHLs, cables and transformers in
the grid according to the defined extreme load and generation scenarios. The aim
of this analysis is to determine the grid components on which overloads are
prognosticated.

Once the prognosticated overloads have been identified, the CGE measures
required to prevent these overloads are determined stepwise. A single uniform
guideline for the determination of the required CGE measures does not exist.
Nevertheless, grid operators have recourse to standard equipment and common
methods to prevent prognosticated overloads. Figure 2-2 shows the expansion
stages adopted in [7, 8, 12].

In the case where an overloaded OHL system is identified, the addition of an
identic parallel line system with the same current-carrying capacity is suggested
in the first stage [7, 8, 12]. It is assumed hereby that the existing electricity pylons
can bear both line systems without further reinforcement of the pylons.

If the additional line system is not sufficient to overcome the identified congestion,
both old and new line systems are replaced by single conductor lines with a
current-carrying capacity of 680 A [7, 8, 12]. This expansion variant could imply
the reinforcement of the electricity pylons if the existing ones do not comply with
the weight of the double line systems, which would lead to further investment
costs.

If the second expansion measure, after renewing the grid analysis, does not prove
to be enough to remedy the identified congestion, the single conductor lines are
then replaced by two bundle conductors with a combined current-carrying
capacity of 1360 A [7, 8, 12]. If this is still insufficient, the OHL systems are
preferably replaced with UGCs. As many cables as necessary are then applied in
parallel to overcome the identified congestion.

In order to ensure a uniform static load on electricity pylons, parallel systems of
the same line segment (LS) are expanded identically, even if only one system is
overloaded [7, 12].
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Figure 2-2 Expansion stages of power lines in the HV grid within the classical grid planning [7]

In addition to the grid expansion with OHLs and cables, the modification of the
switching state of the grid or the addition of a new 380 kV substation could be
adopted as a further measure to reduce overloads [8]. However, switching
measures have only a limited impact on reducing grid overloads, and the
integration of a new 380 kV connection point is only possible when a 380 kV grid
is near the overloaded line. Moreover, the integration of a new 380 kV connection
point could lead to further CGE measures being required in the 110 kV grid [8].

Once all the required CGE measures have been identified, a calculation of the
expansion costs is performed based on the investment costs of the equipment.

2.1.5.2 Determination of the CGE Measures Required in MV Grids

In a first step, the prognosticated installed power of additional loads and RES is
allocated to the appropriate power grids and distributed over the grid nodes. In
the next step, an analysis of the grid state is realized for both high load and high
generation cases in order to identify eventual grid congestion.

After identifying the prognosticated grid congestion, the measures required to
prevent these congestions are determined stepwise. There is no single uniform
guideline for the determination of the required measures in the MV grid. Grid
operators also have recourse here to standard equipment and common methods
to prevent prognosticated overloads.

These methods include, for instance, the adjustment of the operation point of
HV/MV transformers mainly to remedy voltage range violations. This corrective
measure can also be realized during the operation of the HV/MV transformer with
the help of on-load tap-changers [7].

Another method to overcome voltage violations consists of splitting the feeder, on
which the voltage violation has been determined, between the transformer busbar
and the furthest critical node. The disconnected feeder is then directly connected
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to the transformer busbar, which reduces the load flow through the original feeder
and the feeder impedance, and leads, thus, to the reduction of the node voltages
[7, 8].

In the case of overloaded transformers or lines, switching measures can be
applied to improve the load flow through the grid components and reduce limit
violations. Alternatively, the overloaded components are reinforced or replaced by
equipment with a higher current-carrying capacity [8, 14, 15].

After each measure has been applied, the load flow is calculated and the grid is
analyzed to determine the impact of the applied measure on the grid state. Once
all required CGE measures have been identified, the grid expansion costs can
finally be calculated based on the investment costs of the measures.

2.1.6 Limits of the Classical Grid Planning Method

As described in the previous sections, the classic grid planning is realized based
on a deterministic approach, where only the high load and the high generation
cases are considered [7, 8, 16]. Yet, this deterministic approach considers neither
the variability and fluctuation of the connected loads and RES nor the frequency
of occurrence of these extreme load and generation scenarios, which can lead to
an undersizing or an oversizing of the power grid [17, 18].

An evaluation of the traditional grid planning methods is given in [19]. The
underlined limits and deficits here consist, among other things, of the poor degree
of automation of these methods and the noninclusion of innovative technologies,
such as PC and the application of BSS.

Furthermore, although the German regulatory framework dictates a cost-efficient
grid expansion for both utility and customer, the costs of the expansion measures
are not considered directly in the planning process. The costs are generally
calculated after determining the required measures [7, 8]. Moreover, standardized
financial analysis models have not yet been adopted [19].

2.2 Innovative Technologies and Grid Planning Methods

2.2.1 Use of Grid-Supporting Battery Systems in the Grid Planning

Several works have treated the application of storage systems to prevent grid
congestion or contribute to grid-supporting ancillary services. Many research
papers propose the use of BSS for grid-supporting peak shaving [20, 21, 22], or
to reduce the power losses in distribution grids [23, 24, 25]. In other works, the
contribution of BSS to voltage stability in the grid is examined [26, 27, 28]. The
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use of BSS to prevent overloads of power lines in consideration of an optimal
dimensioning and placement of the storages is investigated in [29, 30]. An
application of the BSS for the fulfilment of the (n-1) criterion in HV distribution
grids is proposed in [31, 32]. A combined use of BSS and PC of RES to prevent
grid congestion is considered to fulfill the (n-1) criterion and improve the grid
planning in [33, 34, 35].

Apart from research work, the first real application of large-scale battery systems
in the grid planning in Germany was proposed by German EHV grid operators in
the power grid development plan 2030 [36]. This concept consists of integrating
large-scale batteries, “grid boosters” of the order of several hundreds of megawatt
hours, in the EHV grid combined with redispatch application to reach a higher
utilization of the existing power lines in the grid in consideration of the (n-1)
criterion. The classic definition of the (n-1) security criterion implies the operation
of the lines with less than their real current-carrying capacity during the normal
(n-0) state, hence, maintaining a reserve for the power transmission in case of a
(n-1) outage. This new grid booster concept, however, suggests the operation of
the power lines with 100 % of their current-carrying capacity during the (n-0) state.
In the case where a (n-1) line outage occurs in the grid, a short-term overload of
the power lines with values in a range of 4000 A are permitted by the time further
curative measures take effect. A grid booster placed after the line congestion and
a controlled load placed before the line congestion are intended as curative
measures and will be activated in order to maintain the loading of the line beneath
its current-carrying capacity. The activation of the grid booster must be fast, but
takes effect after the activation of the power system protection that is in the range
of 100 ms. This reduces the requirements concerning the activation time of the
boosters [36].

The grid operators intend to apply this concept as a preventive measure only for
the (n-0) state. For the (n-1) state, the grid boosters combined with redispatch
measures will be applied curatively as a corrective measure that encroaches after
the occurrence of an outage. This concept deviates from the classic (n-1) criterion
definition and hence does not comply with the state-of-the-art planning and
operation principles of the power grid. It also allows the shutdown of RES, for
example, offshore wind farms, as a redispatch measure, thus, renouncing the
feed-in priority of RES into the grid [36].

2.2.2 Use of Power Curtailment in the Grid Planning

The very high feed-in power of RES into the grid could lead to grid congestion or
a noncompliance with the (n-1) criterion because of the limited transmission
capacity of the lines. The PC of RES is principally a last resort to prevent
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prognosticated grid congestion by decreasing the high feed-in power values of
RES. Due to the slow progress in getting building permits for new power lines and
the low social acceptance toward CGE, the German Energy Industry Act (EnWG)
introduced the PC as a further degree of freedom in the grid planning. According
to paragraph 811 of the EnWG, grid operators are allowed to plan the power grid
considering a 3 % reduction of the annual prognosticated energy of every PV or
wind plant that is connected to the grid [3].

The Forum Network Technology/Network Operation in the VDE released a
guideline discussing the application variants of PC in the grid planning in
consideration of the allowed 3 % limit [37]. These variants can be separated into
two categories: the static PC and the DPC.

The static PC variant implies a permanent reduction of the maximal possible
feed-in power of a power plant. The maximal feed-in power is, thus, limited to a
predefined constant value that is lower than the possible one. In order to define
its reduced maximal power, the original maximal power of the plant is multiplied
by a specific reduction factor, depending on the plant type. The static PC can be
realized using constant standardized reduction factors for PV and wind plants or
individual reduction factors that depend on the load duration curve of each
plant [37]. The advantage of this variant is that no extra communication
infrastructure is needed to control or monitor the plants.

Unlike the static PC, where the original maximal power of all plants is permanently
reduced to a specific lower value, the DPC reduces the feed-in power of every
plant individually and situationally depending on the prognosticated grid
congestion [37]. The curtailed feed-in power over a period of time depends on the
extent of the congestion and the relevance of the plant to prevent the congestion.
Consequently, the time series-based DPC does not reduce the maximal possible
feed-in power of the plants sweepingly but, instead, reduces the feed-in power of
every plant over limited periods of time individually. In this way, unnecessary PC
can be avoided. This variant, thus, enables a targeted and more effective use of
the 3 % permitted curtailment limit.

The consideration of the PC in the planning process of power grids enables a
reduction of the required CGE measures and, thus, cost savings. Consequently,
the power grid does not have to be designed according to very high generation
cases that occur only rarely. In addition, the PC variant adopted in the planning
process has a great influence on the planning results. In the following, an overview
of research works applying PC in the grid planning is given.

Two approaches for the application of the dynamic PC in the planning process of
HV grids are suggested in [18]. The first is an iterative process which treats line
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overloads in consideration of the (n-1) criterion in sequential steps. The line with
the highest prognosticated overload is considered first. The node with the highest
impact on the line overload is then determined and used for the application of the
PC. The state of the grid is then analyzed again. In case of remaining overloads,
the process is renewed, beginning again with the highest determined overloaded
line. This approach enables the overload problems to be remedied, yet does not
consider the 3 % curtailment limit for every plant in the sequential process.
Furthermore, this approach can lead to a bigger reduction of the line loading than
is actually needed and, hence, to an unnecessary curtailment of RES since it
considers only one overloaded line at a time [18].

The second approach suggested in [18] is based on a linear optimization which
minimizes the curtailed energy over the simulated time. The implemented
constraints limit the load flow to the power-carrying capacities of the lines. The
second approach is more efficient than the first suggested one, but, depending on
the grid and the prognosticated overloads, it cannot always remedy all the
overloads prognosticated in the grid due to the 3 % curtailment limit. Therefore, a
simplified stepwise determination of the required CGE is realized after the
application of the PC. The combination of the DPC and the CGE measures in the
same optimization to determine the best planning solution and reduce
unnecessary curtailment and CGE measures has not been considered in [18].
The contribution of the DPC in reducing the total costs of the grid expansion has
not been treated either.

In the grid study [7], a static PC with individual factors has been considered in the
grid planning. The contribution of the PC to reducing CGE measures and saving
expansion costs are illustrated here. Nonetheless, the static PC variant applied in
[7] based on individual factors is not as efficient as the dynamic PC and leads to
the unnecessary curtailment of RES even when no grid congestion is
prognosticated. This reduces the amount of curtailable energy left to prevent
congestion.

2.2.3 Innovative Planning Methods

The increasing call for the application of innovative planning instruments in the
grid planning also implies the adaptation of the classic planning method to these
innovative instruments. Accordingly, the classic planning method must be
adjusted toward more automation of the planning process. In addition, an overall
consideration of the planning instruments must be made in order to take
advantage of the synergy between these instruments. Furthermore, the inclusion
of the costs in the grid planning process is also necessary to ensure a cost-
efficient application of these innovative instruments in the grid planning.
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New grid expansion methods for distribution grids are proposed in [38, 39] to
automate the grid planning process using expansion factors to determine the lines
that must be expanded. In these methods, the required CGE measures are
determined iteratively by treating one grid congestion at each iteration. A PC of
RES is also realized in [38] before application of the CGE measures in order to
reduce the power feed-in into the grid. This leads to the reduction of the required
CGE measures, but does not necessarily ensure the cost optimal planning
solution of the grid, because the PC and costs occurring are not considered within
the grid expansion process.

A genetic algorithm (GA) is proposed in [40] to model a multistage distribution grid
expansion planning and storage deployment. The fitness of the GA considers here
the investment and the operating costs for each investment stage. However, the
investment costs of the storages are not considered in the fithess and, thus, in the
decision-making process. The authors consider that the storage units already
exist in the grid and are not owned by the distribution system operator (DSO) but
only used based on contracts for grid services for an annual fee. On the other
hand, the profits made from the energy trade in the market are included in the
operating costs and, thus, in the fithess, which is contradictory. Such an
application of storages in the grid planning is not efficient since the DSO would be
dependent on the location of existing storages and, consequently, cannot place
the storages depending on the grid requirements. Furthermore, the GA may fail
to find the global optimum for complex problems. In fact, the GA tends to converge
toward local optima, because the final solution generally represents only the better
solution in comparison to the other solutions found.

A multistage expansion method for active distribution networks using centralized
and distributed energy storage systems is proposed in [41]. The co-optimization
model used aims at the minimization of the total cost of the network investment
and operation. The method has been validated on a 20 kV grid for an extreme
daily load scenario. The application of the method on high generation cases has
not been considered here. The reactive power has also been neglected in this
case, which leads to nodal voltage and power flow errors that can have an
influence on the planning results.

2.3 Differentiation from Other Works

The novelties of the planning method proposed in this thesis consist, firstly, of the
extension of the classic grid planning approach based on OHLs or UGCs to
include the application of BSS and DPC as innovative planning instruments. The
use of BSS and DPC aims here to fulfil the required planning principles including



2 State of the Art in the Planning of Power Distribution Grids 17

compliance with the voltage limits for MV grids and the classic definition of the
(n-1) criterion for HV grids, thus, enabling a higher utilization of the existing grid
and a reduction of the required CGE measures. The proposed approach offers a
preventive and corrective concept for planning and operating the power grid
because it intervenes in the operation of the power lines already during the normal
(n-0) state, enabling a higher utilization of the power line capacity during this state
and ensuring the safe operation of the power lines without any overload in case
an (n-1) outage occurs.

Secondly, unlike classic planning methods, a time series-based environment is
implemented here in order to simulate the variability of loads and RES feed-in
power and reproduce realistic scenarios of the grid state. The time series-based
environment in this work represents a prerequisite for the application of the BSS
and DPC. Furthermore, the total costs of the grid expansion measures are
considered in this work within the planning process and not after determination of
the required expansion measures as is the case in the classic planning methods.
The proposed optimized planning approach, therefore, delivers the most cost-
efficient solution of the grid planning, subject to the correspondent planning
principles. The delivered results include the most cost-efficient measures to
expand the grid, including the type of CGE measures, the dimensioning and
placement of the BSS, and the scheduling of the BSS and DPC.

In addition, unlike the multistage planning methods stated in 2.2.3, the new
planning approach proposed in this work is a single-stage method which
considers all planning instruments simultaneously in the decision-making
process. The aim of this combined consideration is to ensure the most cost-
efficient application of the instruments and, hence, the most economical grid
planning solution. Accordingly, an automated planning algorithm based on an
MILP is implemented to minimize the total investment, and the replacement and
operating costs of all considered planning instruments at the same time. Grid
operators have so far applied stepwise and iterative methods for the grid planning,
where each congestion is treated separately by applying conventional planning
instruments. However, the application of each planning instrument separately and
out of a global optimization cannot guarantee the cost optimal solution. Therefore,
the proposed planning algorithm could offer a cost optimizing planning alternative.

Furthermore, a multiuse application of BSS is considered in this work, combining
the previously described grid-supporting use of the BSS with a market-based
application to generate profits from the electricity trade and, hence, reduce the
total costs of the BSS.
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3  Generation of the Input Data

The generation of the time series for loads and RES, the modelling of the power
grid and the LFC realized in this work depend on the grid voltage level. In this
chapter, the methods adopted for the generation of the input data depending on
the voltage grid level are described in detalil.

3.1 Modelling of a High-Voltage Grid

In what follows, the time series generation, the topology of the HV grid modelled
and the linearization method of the load flow calculation LFC are described.

3.1.1 Generation of the Time Series for Load and RES Power

A real 110 kV grid in Germany was modelled as a test grid in order to verify the
planning algorithm proposed in this work. The modelling of the HV grid and the
simulation of the time series for the power of the loads and RES connected in the
grid were realized based on the research work [18], in which the adopted
approach is described in detail. The time series of the RES power was generated
based on measurements in reference power plants. Only measurements of the
residual power in HV/MV substations are available, therefore, the power time
series of the connected loads in the underlying voltage grids was calculated by
subtracting the simulated RES power from the residual power measured in the
HV/MV substations (passive sign convention). In a further step, the time series of
the RES power was normalized and upscaled, depending on the prognosticated
installed RES power for the target year 2030. Following that, the time series of the
residual load regarding the expansion scenario 2030 was calculated by the
addition of the upscaled time series for the RES power to the time series of the
load. It was assumed in this process that the connected load in the grid remains
unchanged until 2030 [18]. Table 3-1 shows the adopted PV, wind and load
installed by 2030 in the grid analysis.

Table 3-1 PV, wind and load installed in the modelled HV grid

Installed PV power by 2030 / MW 895.27
Installed Wind power by 2030 / MW 596.60
Installed load by 2030 / MW 1325.55

3.1.2 Topology of the Modelled Real Grid

Table 3-2 summarizes the characteristics of the considered HV grid, including the
number of nodes and lines and the total length of the power lines.
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Table 3-2 Characteristics of the modelled HV grid

Voltage level 110 kv
Nodes’ number 41 nodes
Power lines’ number 79 lines
Total length of the power lines 708 km

Figure 3-1 shows a simplified representation of the part of the modelled HV grid
which showed grid congestion in the grid analysis, and is, therefore, relevant for
the grid planning. The grid part shown comprises nine nodes representing HV/MV
substations and two representing EHV/HV substations. For reasons of
simplification, the subordinate connected loads, PV and wind plants under every
HV/MV substation were aggregated according to the plant type and represented
respectively through one element of each type. Most of the HV lines are designed
and operated in the form of two parallel OHL systems that are carried by the same
electricity pylon, as shown in the figure. The parallel OHL systems constitute
together an LS. Figure 3-1 illustrates the relevant LSs that were considered in this
work for the fulfilment of the grid restrictions. Each LS represents, depending on
the grid design, one or two parallel line systems including the electricity pylons.
The black dots here represent the junctions between two or three power lines.
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Figure 3-1 Simplified representation of a part of the modelled HV grid
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3.1.3 Linearization of the Load Flow Calculation

In a further step, the LFC in HV grids were linearized in consideration of all
possible (n-1) line outages in the grid according to the method proposed in
[18, 42, 43]. The linear contingency analysis adopted uses distribution factors in
order to distribute the nodal power over the lines depending on the (n-1) state of
the grid. The (NACLODF) matrix is three-dimensional and contains the distribution
factors of the nodal active power for all possible (n-1) line outages, depending on
the grid topology and line impedances [18]. In this work, the (n-0) state was also
included in this matrix in order to consider the (n-0) state and all possible (n-1)
states of the lines in the grid. The column vector of the power flow through the
grid lines (P,,)® for a considered grid state a is the product of the matrix

(NACLODF)® and the column vector of the power injection in the nodes (Py ;) at

a time step t:
(PL)@ = (NACLODF)® - (Py ) 1)
Vae AVt €Tyearg
(PLy)@ Column vector of the power flow through the grid lines at time
step t for the line state a in MW
(Pn¢) Column vector of the original residual power injection in the grid

nodes at time step t in MW

(NACLODF)® Matrix containing the distribution factors of the nodal injection
power for the line state a

A is here the set of the line outages considered, consisting of all (n-1) line states
and the (n-0) state. The load flow linearization according to [18] implies a
decoupling between the active and reactive load flow. The evaluation of the
accuracy of the linearized LFC in that work revealed that the linearization of the
reactive load flow is associated with a higher error than that of the active load flow
[18]. In addition, the planification of the HV grid in this work aims to prevent grid
congestion, basically due to the high active power feed-in from RES into the grid.
On these grounds and for reasons of simplification, the reactive power flow was
not considered here in the examination of the line load and the planification of HV

grids, unlike [18]. The apparent load flow Sl(";) on a line [ for a considered state a

at a time step t was, thus, approximated to the active power flow through the line:
Sie’ = By 2)

VIELVa€EAYL €Theury
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51(?) Apparent power flow through a line [ for a grid state a at time step t in
MVA

p@  Active power flow through a line I for a grid state a at time step t in MW
Lt

The planning principles in the HV grid imply the fulfilment of the (n-1) criterion for
all lines of the grid. In order to save computational time and memory space, only
critical line outages were considered within the grid planning process in this work.
Accordingly, a contingency analysis of the grid was initially realized, based on the
linearized LFC according to the 2030 scenario. The overloaded lines in the grid
and the critical line outage which leads to the maximum overload of each line over
the considered year were then determined. These critical outages are considered
for the grid planning in this work.

3.2 Modelling of a Medium-Voltage Grid

The following sections outline the methodology adopted to model a real MV grid,
including the generation of power time series for loads and RES, implementation
of the grid components and linearization of the LFC.

3.2.1 Topology of the Modelled Grid

In order to test and verify the proposed planning algorithm for MV grids, a real
20 kV grid in Germany was implemented. The modelled MV grid is one of three
MV subordinate grids connected in the municipality. Table 3-3 summarizes the
characteristics of the modelled MV grid including the number of nodes and power
lines.

Table 3-3 Characteristics of the modelled MV grid

Voltage level 20 kv
Nodes’ number 132 nodes
Power lines’ number 131 lines
Total length of the power lines 71.4 km

Figure 3-2 shows a simplified representation of the MV grid (MV Grid 1)
considered in this work. The grid is designed mostly based on an open ring
structure. Due to the high number of nodes and lines in the MV Grid 1, only the
nodes and lines which show congestion are illustrated and numbered in the figure.
The MV grid includes PV plants distributed over 76 nodes and wind plants which
are connected directly to the main 20 kV busbar (node 1) through line 1.
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Substation

Figure 3-2 Simplified representation of the modelled MV grid (MV Grid 1)

3.2.2 Generation of the Time Series for Load and RES Power

Contrary to the HV grids, it is not common to carry out measurements at the MV
level. Therefore, no time series were initially available for the injection power on
the grid nodes in this work. In order to analyze the state of the grid and determine
the expansion measures required, it was, thus, necessary to generate power time
series for the connected loads and generators and adapt them to the expansion
scenario 2030. Accordingly, the following input data was provided from the system
operator [44]:

e The measured time series of the residual load on HV/MV transformers for
the year 2017 with 15 minutes time resolution

e The power of RES and loads installed on every MV node in 2017

e The normalized time series for reference PV, wind and biogas plants in the
considered region

e The total power of PV, wind and biogas plants installed in the considered
region comprising eight MV grids in 2017

e The estimated scaling factors for the total power of PV, wind and biogas
plants installed in the considered region according to the scenario 2030

In a first step, the time series of the cumulated RES at the HV/MV transformer
was calculated for every RES type using the corresponding installed power in
2017 and the normalized reference time series.

Pres 2017, = PrEST,2017 " PRES Ref ¢ (3)

Vte T

year,q



3 Generation of the Input Data 23

Prest2017¢ Cumulated feed-in power of RES on transformer T at time step t
for the scenario 2017 in MW

Prest2017  RES power installed in the grid that is connected to the
transformer T for the scenario 2017 in MW

Pres reft Normalized active power value to 1 MW of a reference RES plant
at time step t

The time series of the cumulated load Py 10,7, at the HV/MV transformer were
then calculated as the difference between the measured residual load P; 4, and
the feed-in power of the RES (passive sign convention).

PL,T,2017,L' = PT,2017,t - PPV,T,2017,t - PWind,T,2017,t - PBiO,T,2017,t (4)

VtE Tyearg

Por2017¢ Cumulated load power on the transformer T at time step t for the
scenario 2017 in MW

Prao17¢ Residual active power on the transformer T at time step t in MW

Ppy r2017¢ Cumulated feed-in power of PV on transformer T at time step ¢ for
the scenario 2017 at time step t in MW

In a further step, the time series of the load on every node was calculated by
dividing the time series of the cumulated load at the HV/MV transformer on the
MV nodes, depending on the share of the node in the total installed load.

Ppi2017
Ppiz017¢ = PLr2017¢ p ()
L,T,2017
VIieEN,VtE Tyearg

P, 2017+ Load power on a node i at time step t in MW
P,i.017 Load installed on a node i of the grid for the scenario 2017 in MW

P, 12017 Load power installed in the grid that is connected to the transformer
T for the scenario 2017 in MW

The scaling factors, shown in Table 3-4, were provided by the grid operator of the
region for the estimation of the installed RES power by 2030 [44]. These factors
illustrate the estimated expansion of RES in the entire region by 2030. The
considered region comprises four municipalities with a total of eight MV grids and
the examined MV is one of these eight grids. The total power of RES installed in
the entire region by 2030 was, thus, calculated depending on the installed power
by 2017 and the scaling factors. The additional RES capacity was then calculated
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as the difference between the total estimated capacity by 2030 and the power
already installed in 2017. In a further step, the additional RES capacity was evenly
distributed over the MV grids of the considered region.

Table 3-4 Scaling factors adopted for PV, wind and biomass capacities in the entire region,
according to the scenario 2030 [44]

PV Wind Biomass
2017 1 1 1
2030 1.86 4.63 1.06

After that, the time series for PV, wind and biogas power on the nodes of the
examined MV grid was calculated for the scenario 2030. The calculation was
realized depending on both the installed power in the grid in 2017 and the
additional RES power by 2030, as well as on the normalized reference time series
according to the RES type.

_ (Pres,ada,r,2030 + PresT,2017)
PRES,i,203O,t = P ) PRES,i,2017 ’ PRES,Ref,t (6)
RES,T,2017
VieENVtE Tyearg
PrEs.i2030,t Injection power of RES on a node i at time step t for the

scenario 2030 in MW

Pres aaar2030 Additional RES power installed in the grid connected to the
transformer T for the scenario 2030 in MW

Pres 2017 RES power installed on a node i for the scenario 2017 in MW

Table 3-5 summarizes the PV and wind power installed as well as the load
installed for the scenario 2030.

Table 3-5 PV, wind and load installed in the modelled MV grid

Installed PV power by 2030 / MW 30.25 (connected to 76 nodes)
Installed Wind power by 2030 / MW 19.44 (connected to 1 node)
Installed load / MW 23.8

Figure 3-3 shows the active power injection values of all PV power plants in the
grid for all days of the considered year, according to the feed-in scenario 2030.
The maximal active power injection of PV on one node is around 2 MW. Figure
3-4 shows the active power injection of the wind plants connected to the grid via
node 2 for all days of the considered year. The maximal active power injection
according to the scenario 2030 amounts to about 19.4 MW on this node.
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Figure 3-3 Histogram of the active power Figure 3-4 Histogram of the active power
injection of all PV plants for the injection of the wind plants for the
scenario 2030 scenario 2030

Figure 3-5 shows the active power of all loads connected to the grid for all days
of the year. It can be seen from the figure that the maximal load reached on one
node is about 2.3 MW. Figure 3-6 represents the residual loads on all nodes of
the MV grid for all days of the considered year 2030. The residual load values on
the MV nodes are steadily below 2.3 MW, but can reach negative values of
-19.4 MW on the connection node of the wind plants (node 2) at certain points in
time.
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Figure 3-5 Histogram of the active power of Figure 3-6 Histogram of the active residual
the loads connected to the grid load on all nodes of the grid
The reactive power injection of loads, PV and wind plants was considered subject

to a constant power factor cos ¢ delivered for every plant and load in the input
data [44].

3.2.3 Implementation of the Grid Components

The modelling of the MV grid was realized according to the parameters of the grid
components, including buses (nodes), loads, generators and power lines. The
solver PYPOWER was used for the modelling of the grid components and the
LFC. PYPOWER is a solver that can be applied for power flow and optimal power
flow calculations. The open-source software is a driven version from MATPOWER
and supports the programming language Python. The parameters of the grid have
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to be assigned to the solver in definite matrix form for loads (bus), power lines
(branch) and generators (gen).

3.2.4 Linearization of the Load Flow Calculation

The linearized LFC for MV grids adopted in this work is based on the Newton-
Raphson load flow method. The principles of the LFC according to the Newton-
Raphson method are described in the following sections [45, 46]. An outline of the
methodology adopted for the linearization of the LFC is then given. After that, the
quality of the linearization method is evaluated.

3.2.4.1 Load Flow Calculation according to the Newton-Raphson Method

Assuming a function f(x), the tangent t,(x) of the function at the point x, can be
written as:

to(x) = f(xo) + f'(x0) - (x — xo) (7)

As shown in Figure 3-7, the tangent t,(x) represents the best linear approximation
of the function f(x) at point x,. Based on that, the Newton-Raphson method
approximates iteratively the root of the function f(x) to the roots of its tangents,
which delivers for the first iteration beginning with the tangent t,(x) of the function
at the point x,:

to(x1) = f(xo) + f'(x0)  (x1 —x0) =0 = f(x1) (8)
_ f (xo)
T RT N T Gy ®)
y A

Oyt (x)

t1(x)

/’52 X1

Figure 3-7 Newton-Raphson approximation method of the root of a single-variable function

X0 X

The better approximated root of the function at every iteration is then used as the
starting point in the next iteration.
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f(xn)
xTL+1 - xTL f/(xn) (10)
Assuming a multivariable function f(xq,x,,..,x,) with n variables, where
X1, %5, ..., Xy represent the starting point for the iterative approximation of the
function’s root, and x;*, x3%, ..., x," represent the root of the function’s tangent at
that point. The function at that starting point could be then written for the first

iteration as follows:

—f(x1, x5, o, Xy ) = a_xl(xl) “Axq + a_xz(xZ) “Axy + -+ E(xn) “Axy (11)

with Ax = x™ — x*

In relation to the LFC, the multivariable function f (x4, x5, ..., x,,) IS assumed to be
the difference between the set injection power and the injection power value
calculated on a node i subject to the node voltage magnitudes and voltage angles
of all the nodes of the grid in the per-unit system:

n
Ap; = Pset,i — Pi(9,U) = Dseri — Ui Z yij - cos(9; — 9 — ayj) (12)
=1
vie{l2,..,n}
n
AG; = Gseri — qi(9,U) = Gser,i — U Z Yij u - sin(¥; —9; — ayp) (13)
=1

vie{12,..,n}
Pset,i Set active injection power at a node i in pu
Qset i Set reactive injection power at a node i in pu
pi(9,u) Active injection power calculated at a node i in pu
q;(¥,u) Reactive injection power calculated at a node i in pu

Ap; The difference between the set active injection power and the active
injection power value calculated at a node i in pu

Aq; The difference between the set reactive injection power and the
reactive injection power value calculated at a node i in pu

9; Voltage angle on a node i in rad

U; Voltage magnitude at a node i in pu
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Yij Admittance value of the line between node i and j in pu
a;j Admittance angle of the line between node i and j in rad

With the help of the Newton-Raphson approximation as described above, the
equations (12) and (13) can then be stated for the first iteration as follows:

n-—1 n-—1
9
Ap; = a—g(ﬁ) A, +Zapl(uj) Au;,vie{1,2,..,n—1} (14)
Jj=1 j=
aql(ﬁ) A9, +zaq‘( )b Vi€ {12,..,n—1) (15)

\.

Where n is the number of the nodes in the grid including the slack node, whose
node voltage value and voltage angle are assumed to be known. Therefore, the
equations (14) and (15) are not considered for the slack node. For the rest of the
n-1 nodes, the equations can be written in the form of the following matrix system
[45]:

Qiiﬁ) =) Qﬁiﬁ) (16)

Where (J) is the Jacobian matrix containing all the first-order partial derivations of
(Ap) and (Aq) in the function of the node voltage magnitudes and voltage angles

0y 0\ /O O

99, " 09,4 ou;, 7 Ou,_,

apn—l apn—l/ apn—l apn—l/
((Ap)) _ 09, T 09,1 ou; 7 Ouy4/ | ((Aﬁ)) (17)
(Aq) % dq, % dq, (Au)

99, 7 09,4 ou;, 7 Ou,_,

a‘111—1 aqn—l/ aQn—l aqn—l/

99, 7 09,4 ou;, 7 Ou,_,

The correction of the node voltage magnitudes and voltage angles can be
calculated for the n-1 nodes at every iteration with the help of the inverse of the
Jacobian matrix

(-0

And the better approximation of the voltage angles and magnitudes can be, hence,
determined iteratively

9,0 = 9, 4 AN, vie{1,2,..,n—1} (19)
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u* = 4™ ¢ (Au)V,vie12,..,n—1) (20)

where v is an iteration count. The Jacobian matrix and the power mismatch in
each new iteration are recalculated depending on the latest approximated voltage
and angle values. The iterative process is carried on until the power mismatch
falls below a predefined accuracy level &:

Ap < e and Aq <¢

3.2.4.2 Linearization of the Voltage Calculation

Hereafter, the linearization method of the LFC adopted in this work for MV grids
is described. First of all, the load flow in the modelled grid was calculated for one
chosen operating point according to the Newton-Raphson LFC, as described in
3.2.4.1. The column vector containing the better approximations of the voltage
angles and magnitudes was determined after reaching the predefined accurate
level of £ = 1078 in three iterations:

® @ @ @ @
O - = (S

The column vector of the power mismatch can be split into the column vector of
the set injection power and that of the calculated power, so that the equation (21)
can be written as follows:

N (Pser) . p(®,wW@)\ (P
() =0 1)(2)'<<qset>>_(’ 1)(2)'<q((19,u)<2>)>+(<u)> (22)

In order to linearize the LFC and speed it up, a one-step calculation was adopted
based on equation (22). Accordingly, the following parts of the equation were
assumed to be constant:

4=y H® (23)
o p(OwWP)\ (NP
© =0 () * () =

The calculation of the voltage magnitudes and angles was simplified, resulting in
the linear equation system (25), where the variables of the system are the set
values of the active and reactive injection power (ps.;:) and (qs.:), respectively:

O _ (e
(fw) =@ () +© )

(pset) Column vector of the set active power injection at the grid nodes in pu
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(gset) Column vector of the set reactive power injection at the grid nodes in
pu
3.2.4.3 Linearization of the Current Flow Calculation

Hereafter, the calculation of the current flow through the lines of the grid was
linearized according to [47, 48, 49]. The complex current flowing through a line
from node i to node j is calculated depending on the complex voltages of the
nodes and the line admittance in the per-unit system as follows:

iy =y (W —u)) (26)
Lij Current flow through a line connected between node i and j in pu

Vij Complex admittance of the line connected between node i and j in pu

By expressing the admittance as a function of the conductance g;; and the
susceptance b;; of the line, and by expressing the complex voltages depending on
the voltage magnitude and angle, the apparent current flow can be written as:

iy = (gij +jbip) - (w; - (cos(®)) + j sin(®;)) — u; - (cos(¥;) +jsin(9,)))  (27)
b;j  Susceptance of the line connected between node i and j in pu
gij Conductance of the line connected between node i and j in pu

Assuming that the voltage angles of the grid nodes are generally smaller than 30°,
the small-angle approximation can be applied for every node i of the grid as
follows:

cos(V;)) =1
. (28)
sin(¥9;) = Y;
The equation (27) can, thus, be simplified to:
iij = (gyj + b)) - (wi+j w9 —wy—j- w-9)) (29)

Assuming, furthermore, that the voltage magnitude on the nodes is near 1 pu and
has a maximum deviation of 5 % in the MV grid, the following simplification was
adopted for every node i of the grid:

u - Y =9, (30)

The equation (29) could, hence, be further simplified as follows:
iy = (gyj +jby)  (ui+j- 9 —wi—j - 9)

(31)
= [gij - (i —w) = byj - O = 9)] +j * [bij - (wi —w) + gij - (8 — )]
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The complex current i;; can be splitinto a real part i;;,, and an imaginary part i;; .

lijp = 9ij - (Wi —w;) = bij - (9; = 9))
lijq = bij - (W —wy) + gij* (0 = 9))

(32)

ijjp Real partof the current flow through a line connected between node i
and j in pu

iijq Imaginary part of the current flow through a line connected between node
iandjin pu

3.2.4.4 Quality of the Linear Approximation

The linearized LFC method has been applied to the modelled MV grid, described
in 3.2.1, in order to evaluate its accuracy. Accordingly, the Newton-Raphson
method was calculated initially for one operating point in order to determine the
constant matrix (4) and the constant column vector (C), according to (23) and
(24). The linearized system, as in (25), was then used to calculate the voltage
magnitudes and angles of the grid nodes for all time steps of the considered year
with 15 minutes time resolution. The time series used for the active and reactive
power injection (Py) and (Qy) were generated based on the 2030 scenario, as
described in 3.2.2.

The feed-in power of the wind plants according to the 2030 scenario is too high to
be connected to the grid over one node and one power line. This would represent
an impermissible operation state. Due to the high wind power feed-in, the resulting
approximation of the voltage magnitude and angle on this node diverges
considerably from the reference values of the Newton-Raphson method.
Therefore, the results of the voltage magnitude and angle at node 2 and the
results of the power flow through line 1 were not considered hereafter in the
evaluation of the linear approximation quality. In what follows, the results of the
linearized LFC are compared with the results of the Newton-Raphson LFC for the
rest of the grid nodes and lines.

Figure 3-8 and 3-9 show the absolute frequency of occurrence of the linearized
voltage magnitude and voltage angle error, respectively. The absolute error
frequency was calculated for all nodes and all time steps of the year. The figures
show that the linearized LFC approximates the Newton-Raphson LFC well,
because the majority of the error values for voltage magnitude and angles are
around zero. The number of equal-width bins adopted in the range of x of the
histograms amounts to 100 bins.
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In a further step, the linearized system (33) was applied in order to calculate the
current flow through the power lines. Figure 3-10 and 3-11 show the absolute error
frequency of the real and imaginary parts of the linearized currents, respectively.
The error frequency here was also calculated for all lines of the grid and all time
steps of the year. The number of equal-width bins adopted in the range of x of the
histograms here also equals 100 bins. It can be observed from the figures that the
real and imaginary parts of the currents were approximated quite well through the
linear LFC. Especially the error values of the real part of the approximated current
are predominantly around zero.
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Figure 3-10 Absolute error frequency of the Figure 3-11 Absolute error frequency of the
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Furthermore, the mean absolute error AE,,.,, and the maximum absolute error
AE,, . Were calculated for the voltage angle and voltage magnitude values as well
as for the real and imaginary parts of the current values, considering all time steps
of the year. Using the example of the voltage magnitude, the mean absolute error
AE,.qan @and the maximum absolute error AE,,,, were calculated as follows:

ZNnodes Nsteps,q

_ Lij=1 t=1
AEmean -

|Ungic — Uiinie] (33)
Nypodes * Nsteps,q
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AEpayx = max“UNR,i,t - Ulin,i,tl} (34)
VieN,Vte Tyear,q

Uinic Resulting voltage magnitude value from the linearized LFC for node i
at time step t in kV

Unrit Resulting voltage magnitude value from the Newton-Raphson LFC for
node i at time step t in kV

Table 3-6 presents the calculated mean and maximum absolute errors of the
linearized LFC based on (33) and (34). The maximum absolute error of the
approximation amounts to 0.022 kV for the voltage magnitude and 0.037° for the
voltage angle. Moreover, the mean absolute error amounts to 0.0002 kV for the
voltage magnitude and 0.0004° for the voltage angle. These values indicate a very
good approximation of the voltage magnitude and angle values. The
approximation of the real and imaginary parts of the currents in the MV power
lines is also very acceptable, since the maximum absolute error of the
approximation amounts to 8.6 A for the real part and 6.37 A for the imaginary part
of the current. The mean absolute error values are also acceptable with 0.022 A
for the real part and 0.23 A for the imaginary part of the current. Altogether, it can
be deduced that the linear LFC constitutes an accurate approximation of the
Newton-Raphson LFC for MV grids and can, thus, be applied to model the grid
restrictions in the linear optimization.

Table 3-6 Comparison of the linearized LFC results with the results of the Newton-Raphson LFC

Mean Absolute Error Maximum Absolute Error

Voltage magnitude U; / kV 0.0002 0.022
Voltage angle 9; /° 0.0004 0.037
Real current part I, / A 0.022 8.6

Imaginary current part I,/ A 0.23 6.37
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4  Development of the Optimized Grid Planning
Method

In the context of this research work, a planning algorithm of the distribution grid
was developed and tested on HV and MV grids. The planning algorithm aims at
the expansion of the grid in accordance with the planning fundamentals at minimal
costs. The following chapters give an outline of the mathematical optimization
method used in the planning algorithm and a detailed description of its functioning
for the planning of HV and MV grids.

4.1 Mathematical Optimization Used

This subchapter gives an overview of the general functioning of the mathematical
optimization and solver used in the grid planning algorithm.

4.1.1 Mixed-Integer Linear Programming

The optimization implemented in the planning algorithm has the structure of an
MILP problem. An optimization problem containing both discrete (integer) and
non-discrete (continuous) decision variables is designated as a mixed-integer
programming (MIP) problem. In the case where the objective function of the
optimization problem and all its constraints are linear, the mixed-integer problem
is a MILP problem [50]. The standard MILP formulation is as follows.

min{cT - x} (35)
<

s.t.A-x{=}b, Xomin < X < Xpmax (36)
>

4.1.2 Branch and Bound

The solver used in this work for solving the implemented MILP problems of the
grid planning algorithm is the Gurobi Optimizer [51]. This solver applies the branch
and bound approach, which is a mathematical method commonly used to find the
optimal solution of MILP problems. This method divides the initial problem
iteratively into smaller subproblems and determines the lower and upper bounds
of the subproblems. Based on these bounds, some subproblems are discarded if
they do not contain efficient solutions to the problems [52]. In what follows, an
outline of the branch and bound solving process of MILP problems is presented.
In a first step, all the integrality restrictions of the original MILP problem are
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removed. The resulting MILP problem, which is called the linear-programming
relaxation of the original problem, is then solved. After solving the linear-
programming relaxation, some variables that were initially restricted to integer
solutions now have fractional solutions. Considering among these a variable x,
which has, for example, among these variables the fractional solution 7.6 after
solving the linear-programming relaxation, this fractional solution is then excluded
and further constraints are implemented instead in order to consider the integrality
restrictions. Assuming that the original MILP problem is termed P,, the newly
added restrictions, in this case x > 8 and x < 7, are implemented separately in
the initial problem, thus, creating two new subproblems, P, and P,, that would
replace the initial problem P,. The variable x is here called a branching variable.
As illustrated in Figure 4-1, the solving process is then repeated for the newly
created subproblems, generating, hence, a search tree whose root is the original
MILP problem. The newly created MILP subproblems are called nodes of the tree
and the nodes which have not yet been solved are called the leaves of the tree.
The solving process is carried on until all leaves are solved or discarded. At that
point, the original MILP is solved and the best solution is chosen as the optimal
solution of the original problem [51].

Original MILP problem P,

o

Figure 4-1 Simplified illustration of the branch and bound approach

Assuming a specific minimization problem, the best integer solution found for the
problem, at any time point during the solving process, is designated as the
incumbent. If, at a later point in time, a better solution is found, then the incumbent
takes the value of the better new integer solution. The current incumbent,
therefore, represents an upper bound of the optimal problem, since only solutions
with lower values than the incumbent value will be accepted. On the other hand,
the minimum of the optimal objective values of all current leaf nodes, at any time
point during the solving process, is referred to as the lower bound. The best
solution of the problem can only be greater or equal to the lower bound. The solver
terminates when the gap between the incumbent objective value Z;,. and the
lower bound Z;;, reaches a predefined set value gap,, [51]:
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| Zine — Zup|
|Zinc|

The default preset value of the gap in the Gurobi Optimizer amounts to 10~%. In

order to save solving time, the set value gap,,: has been chosen in this work for

gap = < 9apopt (37)

some planning variants by 1072.

4.1.3 Linear Programming Algorithms

The Gurobi Optimizer applied in this work uses two main optimization algorithms
and their variants to solve continuous models and continuous relaxations of
mixed-integer models. These algorithms are the barrier and the simplex
algorithms [53].

4.2 Planning Algorithm for HV Grids

The functioning principle of the implemented planning algorithm is illustrated in
Figure 4-2. In a first step, the grid lines are divided into LSs. The user of the
algorithm can then select the desired planning instruments, including the CGE
with OHLs or with UGCs, the application of BSS and the use of DPC. These
instruments can be used separately or combined. In a further step, a linear mixed-
integer optimization is solved, whose main target is to minimize the total costs of
the planning instruments used. The required grid restrictions were considered
here as linear constraints according to the planning fundamentals for HV grids.
The considered grid restrictions correspond to the compliance with the current-
carrying capacity of power lines in the (n-0) and (n-1) states. The application of
BSS and DPC to prevent grid congestion assumes, in this work, a perfect
prognosis of the load consumption and RES feed-in power as well as the
controllability of the RES by the grid operator.

The objective functions and the constraints implemented will be described
extensively in what follows.
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C =

Division of the lines in line segments
Selection of the planning instruments
Only overhead lines | | Only buried cables | | Only BSS | | Only DPC | | Combination
e Replacement with a e Replacement of o Unrestricted o All plants are
single conductor overhead lines with dimensioning curtailable
overhead line 680 A parallel cables of « Unrestricted
o Replacement with a 632 A each placement on existing
two bundled nodes
conductors overhead
line 1360 A

v

MILP optimization

| Minimization of the total costs |

Objective
functions

| Minimization of the stored energy in the BSS |

e Line loading limit
e (n-1) criterion
e 3 % energy curtailment limit

Constraints

Y

Most cost-efficient grid expansion measures

Figure 4-2 Operating principle of the planning algorithm for HV grids

4.2.1 Objective Functions

The implemented optimization comprises more than one linear objective function.
The approach adopted here regarding the objective functions is the hierarchical
objective method. In this approach, a priority is assigned to each objective and
the objectives are then optimized in decreasing priority order, so that the solution
found for the current objective at each step would not degrade the solution found
for the previous objectives with higher priority [54].

The main objective function is that with the highest priority assigned in the
optimization of the planning algorithm. The aim of the main objective function is
to minimize the total costs of the chosen planning instruments over a specific
economic life. The considered costs are, therefore, those of the CGE, BSS and
DPC:

min{Costccr + Costgss + Costppc} (38)

Costcgr  Costs of the CGE measures in EUR million (optimization variable)
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Costgss  Costs of the BSS application in EUR million (optimization variable)

Costppc Costs of the DPC application over the economic life in EUR million
(optimization variable)

The second implemented objective function (39), with less priority than the main
objective function, minimizes the energy amount stored E;, at every time step.
This ensures the discharge of the storages when no grid congestion is
prognosticated and, thus, minimizes the number of battery cycles performed.
Furthermore, maintaining the battery discharged when no grid congestion is
prognosticated enables the use of this free capacity for market-based
applications. The higher the free capacity of the storage, the more trade possible
and the higher profits it could generate.

Npodes Nsteps.q

min Z z Es: (39)
s=1 t=1

E;, Storage energy of a BSS s at time step t in MW h (optimization variable)

The energy amount stored E; , at every time step depends on the storage power,
the charge and discharge efficiency factor of the BSS, and the time step duration,
as follows:

1
Es,t = (r]BSS ) Ps,c,t - Ps,d,t) ’ Atstep + Es,t—l (40)
NBss
Ps,t = Ps,c,t - Ps,d,t (41)
min{Pg 1, Psae} =0 (42)

with Ps,c,t =0 ;Ps,d,t >0VseSVte Tyear,q

Ngss Charge and discharge efficiency factor of the BSS

P; .+ Charging power of the BSS s at time step t on the grid side in MW
(optimization variable)

P; 4+ Discharging power of the BSS s at time step t on the grid side in MW
(optimization variable)

P, Storage power of the BSS s at time step ¢t in MW (optimization variable)

Note that the optimization variables P; ., and P . were implemented according
to (42) such that one of the two variables always equals O at every time step.
Consequently, the resulting storage power P, equals P ., or —Ps 4, at every time
step.
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When the BSS is used for grid-supporting purposes, the application of a charge
and discharge efficiency factor nggs below 1 within the optimization leads the linear
optimization to an excessive increase of the charging and discharging losses. The
increase of these losses reduces the overload on the grid and leads to less storage
capacity being necessary and, thus, to reduced costs. In order to avoid this
excessive use of the storage losses, a charge and discharge efficiency factor equal
to 1 was considered for the calculation of the energy amount stored during the
optimization. The stored energy values resulting from the optimization were then
corrected with the real charge and discharge efficiency factor, according to (40)
after completion of the optimization. Since the application of an efficiency factor
below 1 leads to a reduced storage capacity, the charge and discharge efficiency
factor ngss was considered within the optimization problem for the calculation of
the investment costs and the replacement costs of battery cells.

In what follows, a detailed description of the cost allocation and its modelling in
the linear optimization are presented.

4.2.1.1 Costs of the CGE

The CGE measures considered in this work represent the replacement or
reinforcement of existing power lines in the grid. The costs of the CGE Cost ¢k
comprise the investment in the new power lines I¢gg 1ine, NEW oOutgoing feeder
panels g paner @S Well as new compensation reactors Iggg comp and Peterson
coils IcgE grounaing 1N Case of cable application, and the ongoing operating costs
KcgE,op Of the new lines.

COStCGE = ICGE,line + ICGE,panel + ICGE,comp + ICGE,grounding + KCGE,op (43)
IcGE line Investment costs of new lines in EUR million (optimization
variable)
lcGE panet Investment costs of new feeder panels in EUR million

(optimization variable)

legE,comp Investment costs of new compensation reactors in EUR million
(optimization variable)

IcgE,grounaing  INvestment costs of new Peterson coils in EUR million
(optimization variable)

KceE,op Total ongoing operating costs in EUR million (optimization
variable)
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42.1.1.1 Investment Costs in New Power Lines

The investment costs in new power lines Icggne fOor a particular power grid
depend on the technology adopted for the new lines, namely, OHLs or UGCs, and
the applied CGE variants. In the following, the modelling of the line investment
costs in the objective function of the MILP is described in detail based on the
technology and variants used.

Investment Costs of New Lines by the Application of OHLs

The HV circuits in Germany are generally constructed and operated in parallel
systems, such that one electricity pylon generally carries two and sometimes
several independent parallel circuit systems. An LS can, thus, comprise several
parallel OHL systems (generally two), which are carried by the same electricity
pylons. In addition, an LS includes conductors, an earth line and insulators. The
start and end point of each LS can, in this instance, be a transformer substation
or a power line branching. In case of an overload of one line, the line expansion
is realized for all parallel lines of the same LS identically in order to ensure a
uniform static load on electricity pylons. Using the example of a simplified HV grid
in Figure 4-3, LS1 comprises two parallel OHL systems. The expansion of one
OHL system located in this segment implies the expansion of the other parallel
OHL system and the reinforcement or even the replacement, as appropriate, of
the pylons located in this segment. Both line systems are reinforced identically
[12].

Two parallel overhead
line systems

LS1

Substations L.

Figure 4-3 Exemplary structure of power line systems in a HV grid

The CGE variants considered in this work when planning the HV grid with OHLs
are:

e CGE variant 1: Replacement construction utilizing a single conductor OHL with
a current-carrying capacity of 680 A. The existing OHL is replaced here by a
single new conductor OHL, with a higher current-carrying capacity (ampacity)
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of 680 A. This power line expansion could be associated with the reinforcement
of electricity pylons.

e CGE variant 2: Replacement construction utilizing an OHL based on two
bundled conductors with a current-carrying capacity of 1360 A. The existing
OHL is replaced here by a new OHL with two bundled conductors and a higher
total current-carrying capacity of 1360 A. This variant is always associated with
a reinforcement of electricity pylons.

The addition of a second identical parallel OHL with the same current-carrying
capacity as proposed in [7, 8] has not been considered in this work as a possible
variant, due to the lack of knowledge about place availability on the electricity
pylons.

As described previously, the expansion of an OHL system implies the expansion
of the parallel OHL systems included in the same LS. This aspect has been
considered in the optimization by modelling the LSs associated to the OHLs. The
total investment in the new OHLS I4g 1ine has been calculated depending on the
specific costs of the employed CGE variant and the length of the LS.

Nseg »
ICGE,line = z Z bm,v K, - lm -107° (44)
m=1v=1

b, Binary variable associated to the LS m and the CGE variant v
(optimization variable)

K, Specific costs of the CGE variant v in EUR/km
I Length of the LS min km

The optimization variables b,, ,, are of a binary type and can have only two values,
0 or 1, at the end of the optimization. Each variable is associated with one LS m
and one CGE variant v, and describes whether or not the LS m should be
expanded according to the CGE variant v. Depending on the least expensive CGE
measures determined by the optimization, the variable b,,,, at the end of the
optimization is then equal to 1 if the CGE variant v for the LS m belongs to the
optimal planning solution. If it does not, then the variable b,, ,, has the value 0. The
CGE variant v = 0 corresponds here to the case where no expansion is required
for the considered LS and is, therefore, not taken into account in the cost
calculation.

It should be noted that in the case of OHLSs, the total length of an LS is equal to
the length of one line system of the segment, since the specific costs considered
are meant for a whole LS per km. The electricity pylons generally make up the
biggest part of the costs of CGE with OHLs [12].
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Investment Costs in New Lines by the Application of Underground Cables

In this work, the CGE with UGCs is meant to replace the existing OHLs on which
grid congestion is prognosticated with the appropriate cables that would prevent
the prognosticated congestion for all (n-1) states. In this case, the parallel line
systems of the same LS are also replaced by the appropriate cables. The CGE
variants considered in this work when planning the HV grid with UGCs are the
following:

e CGE variant 3: Replacement construction of the OHL system utilizing one UGC
with a higher current-carrying capacity of 632 A.

e CGE variant 4: Replacement construction of the OHL system utilizing two
parallel UGCs with a current-carrying capacity of 632 A each, enabling a higher
total current-carrying capacity of 1264 A.

e CGE variant 5: Replacement construction of the OHL system utilizing three
parallel UGCs with a current-carrying capacity of 632 A each, enabling a higher
total current-carrying capacity of 1896 A.

In the case where an LS comprises two parallel OHL systems, both systems are
replaced with as many cables as necessary to stand the prognosticated load flow
through each line. Thereby, each OHL of the LS is considered apart in order to
size the cables required to replace that line, according to the prognosticated load
flow. The biggest part of the costs is made up here by the excavation and ground
work [12]. The objective function (44) has been adapted in the case of CGE with
the cable technology as follows:

Niines Nvar

IcgEline = Z Z by Kyl Fp-107° (45)
=1 v=3
b,  Binary variable associated to the line [ and the CGE variant v
(optimization variable)

L Length of the line [ in km
Fp Detour factor

The CGE variant v = 0 corresponds to the case where no expansion is required
for the considered line and is, therefore, not taken into account in the cost
calculation. The detour factor F;, describes the deviation of the cable length from
the OHL length when switching from the OHL to the UGC technology, due to the
devious route adopted. Overhead lines can be laid straight in rural areas,
traversing impassable sites, rivers or roads [55]. The new cables, however, cannot
always be laid straight on the same route as the OHLs, especially when it comes
to traverse obstacles [56]. Underground cables are mostly laid along public roads
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to facilitate access for high-load transporters for maintenance and repair [57].
Depending on the topographical conditions and the obstacles encountered, the
length of the laid cables could, thus, be longer than the original OHL length. For
the calculation of the investment costs for new cables, a detour factor of 1.3 was
assumed in this work.

Table 4-1 presents the specific costs of the CGE variants that were applied for the
calculation of the CGE costs in this work.

Table 4-1 Specific costs of the CGE variants considered in the HV grid

CGE Description Equipment Specific Costs
Variant /| TEUR/Km
1 Single conductor overhead Overhead lines, 715 [12]
line 680 A Double line system pylons
2 Two bundle conductor line Overhead lines, 1100 [12]
1360 A Double line system pylons
3 One underground cable of One cable, 1210 [12]
632 A Ground work
4 Two parallel underground Two cables, 2420 [12]
cables of 632 A each Ground work
5 Three parallel underground Three cables, 3630 [12]
cables of 632 A each Ground work

4.2.1.1.2 Investment Costs in New Outgoing Feeder Panels

The CGE of power lines is associated with the expansion of transformer
substations. By increasing the current-carrying capacity of an existing power line
system to more than 680 A, the transformer station, to which the line is connected,
must also be expanded with a further outgoing feeder panel of 680 A.

Investment Costs of New Feeder Panels by Applying OHLs

In the case of CGE based on OHLs, the investment expenses for adding further
outgoing feeder panels I¢sg paner Were considered in the main objective function
for the CGE variant 2 only, since this variant would require new feeder panels:

NSeg

ICGE,panel = Z Kpanel "Nyanel,m * bm,Z +107° (46)

m=1

Kpaner  Specific investment costs of a new outgoing feeder panel in
transformer stations EUR /unit

Nyanetm Number of feeder panels connected to the LS m in units
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Investment Costs of New Feeder Panels by Applying UGCs

The CGE of power lines with UGCs is also associated with the expansion of
transformer substations. The investment expenses for adding further outgoing
feeder panels I¢¢g ,ane; Were considered here in the main objective function for the

CGE variants 4 and 5, since these variants would require new feeder panels:

Niines

ICGE,panel = Kpanel "Nyanel,l * (bl,4 + 2- bl,S) -107° (47)
=1

Nyanet,  Number of feeder panels connected to the line I in units

The CGE variants 1 and 3 were not considered in the calculation of the investment
in new outgoing feeder panels, since the existing panels were assumed to be
sufficient for line systems with current-carrying capacities less or equal to 680 A.
In the case of variant 5, which represents the replacement of the OHL system with
three UGCs with a current-carrying capacity of 632 A each, two more outgoing
feeder panels in addition to the one already existing would be required in order to
connect the three new cables. Table 4-2 presents the specific costs of the new
outgoing feeder panels in the calculation.

Table 4-2 Specific costs of new outgoing feeder panels in the HV grid

Equipment Specific Costs / TEUR/unit

One outgoing feeder panel of 680 A 770 [12]

4.2.1.1.3 Investment Costs of Compensation Reactors and Peterson Coils

The use of reactors for the reactive power compensation and Peterson coils for
the resonant grounding were considered in this work only in the case of CGE with
UGCs. Due to the high insulator capacitance of the cables, high reactive power is
induced reducing the active power flow capacity of the cables. Therefore,
compensation reactors are used to compensate the capacitive reactive power of
the UGCs. Assuming a 100 % compensation, the capacitive reactive power that
must be compensated was calculated in the main objective function as follows
[45, 58]:

Niines
Qeomp= ) Ui @ C' 1 (bz+2 bya+ 3 bys) 107° (48)
=1

Qc.omp Capacitive reactive power induced by the underground cables in Mvar
(optimization variable)

Uy Nominal voltage of the grid in V
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1) Angular frequency in rad/s
C’ Insulator capacitance of one underground cable in F/km

The investment costs in compensation reactors have been considered depending
on the capacitive reactive power of the cables and the specific investment costs
of the reactors [59].

ICGE,comp = Qcomp ’ KReactor (49)
Kgreactor Costs of the compensation reactors in EUR/Mvar

In addition to the reactors for the reactive power compensation, Peterson coils are
required to compensate for or reduce the capacitive fault current in case of a single
line to ground fault. These coils are then connected between the neutral point of
transformers and the earth (Peterson coil grounding). The capacitive fault current
that must be neutralized was determined, depending on the insulator capacity of
the cables and their lengths [45, 58]:

Niines

U
Ier = z3'\/_%'0)'C"ll'(bl,3+2'bz,4+ 3 bys) (50)
=1

Ic, Capacitive fault current in case of a single line to ground fault in A
(optimization variable)

The investment costs of the Peterson coils were considered in the planning
algorithm depending on the capacitive fault current and the specific costs of
Peterson coils [59]:

ICGE,grounding = ICF ) KPeterson (51)
Kpeterson ~ Costs of the Peterson coils in EUR/A

Standard cables with a 800 mm2 cross-section are often used in the 110 kV grid
[12]. For the calculation of the capacitive reactive power and the capacitive fault
current, the insulator capacitance, presented in Table 4-3, was adopted for one
UGC.

Table 4-3 Insulator capacitance adopted for one standard UGC

Parameter Designation Unit Value

c Insulator capacitance per unit nF /km 211 [60]

Table 4-4 shows the specific costs adopted for the calculation of the investment
costs of compensation reactors and Peterson coils in the case of cable application.
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Table 4-4 Specific costs of compensation reactors and Peterson coils

Equipment Specific Costs
Compensation reactor 3500 EUR /Mvar [12]
Peterson coils 2450 EUR /A [12]

4.2.1.1.4 Operating Costs

The annual operating costs here represent the inspection, maintenance and repair
costs of the new CGE measures. These costs have been estimated at 2 % of the
total initial investment [61]. The annual operating costs over the considered
economic life were then discounted to the present value of the total operating costs
at the initial investment year.

KCGE,Op = 2%~ (ICGE,line + ICGE,panel + ICGE,comp + ICGE,grounding) PVF (52)

The present-value factor (PVF) for the considered economic life was calculated as
follows:

1+ r)Nyears — 1
pyp =Lt N (53)
r-. (1 + T) years

PVF Present-value factor
r Interest rate

Nyears Economic life considered in yr

4.2.1.2 Costs of the BSS Application

The costs of the battery systems Costggs include the initial investment costs
Igss,ini» the replacement costs Iggs ., and the ongoing operating costs Kggg oy -

Costgss = Igss,ini + Ipssrep T Kpss,op (54)

Igssini  Initial investment costs of the BSS project in EUR million
(optimization variable)

Igssrep Replacement investment in battery cells and converters in
EUR million (optimization variable)

Kgss,op  Total operation costs of the BSS in EUR million (optimization
variable)
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4.2.1.2.1 Initial Investment Costs in BSS

The initial investment costs of battery systems Ipgs i,; in the first investment year
were calculated depending on the total capacity of the BSS and the specific
investment costs for large-scale battery storage projects.

Nnodes
IBSS,ini = KBSS,spec -107° - Z Emax,s (55)
s=1
Emax,s = max {Es,tli Es,tzf ) Es,thteps‘q} (56)

Ernax,s Capacity of the BSS s in MW h (optimization variable)
Kgssspec  Specific investment costs of BSS projects in EUR/MWh

It has been assumed in the optimization that all nodes of the grid represent
potential placements of the BSS. Therefore, every optimization variable modelling
the BSS application, such as the storage capacity E,,, s, iS assigned initially to
each node s of the grid before the beginning of the optimization. The user can also
reduce the potential nodes for the placement of BSS in the grid at the beginning in
order to reduce the computing time of the optimization.

By minimizing the total costs depending on the optimization variables for storage
capacity and power, the optimal capacity and rated power of the BSS can be
determined as results of the optimization. In addition, the minimization of the costs
leads to the exclusion of the nodes that have negligible contribution to preventing
congestion from all initial nodes. This leads to the optimal placement of the grid-
supporting BSS in the grid.

The specific investment costs Kggsspec Were deduced from the total costs of
existing large-scale battery projects in Germany and worldwide, divided by the total
capacity of the battery system. Consequently, they cover the capacity-specific
expenses, such as the cost of the battery cells, connectors, battery monitoring
systems, sensors, housing and shelves. The investment costs also cover the
power-specific expenses, such as the cost of inverters and circuit breakers. They
additionally comprise the costs of installation and land.

4.2.1.2.2 Ongoing Operating Costs

The annual ongoing operating costs of the BSS were estimated at 0.5 % of the
initial investment costs. The annual costs were then discounted regarding the
considered interest rate over the N,,.,; €conomic life, to the total present value at

the initial investment year.



48 4 Development of the Optimized Grid Planning Method

Kgss,op = 0.5% * Igss ini - PVF (57)

4.2.1.2.3 Replacement Investments

The replacement investments Iggg -, acCrue when system components, such as
battery cells or converters, must be exchanged at their end of life. In this work,
replacement investments in battery cells I..ppq:c @and converters L.y cony, Were
considered. The total replacement investments, therefore, represent the sum of all
new investments in battery cells and converters during the considered economic
life, discounted to the present value.

N
rep,Batt Nnodes E (58)

. _ Kpatei - X5 maxs 4 4-6
rep,batt E (1 + r)i.N”fe‘batt
i=1

N
rep,Conv K - ZNnodes P
I _ conv,i s=1 max,s 10—6 (59)
rep,conv — iNy;
(1 + T') life,conv

i=1
IBSS,rep = rep,batt + Irep,conv (60)

Leppate  Replacement investment of battery cells in EUR million
(optimization variable)

Lepconv  Replacement investment of converters in EUR million (optimization

variable)

Kpatt,i Specific costs of battery cells at the time of the investment i in
EUR/MWh

Keonv,i Specific costs of converters at the time of the investment i in
EUR/MW

Pnax,s Rated power of the BSS s in MW (optimization variable)
Niirepate  Service life of battery cells in yr

Niifeconv Service life of converters in yr

Nreppare  Number of required replacements of battery cells
Nyepconv  Number of required replacements of converters

The calculation of the costs described above, accruing through the use of large-
scale BSS, were determined based on assumptions which stem from existing
stationary battery projects in Germany and worldwide and from current studies.
Table 4-5 shows the specific expenses adopted for the first investment in the BSS
project and the specific costs for the replacement investments in battery cells and
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converters at their end of life. The specific expenses for the first investment in
BSS projects were calculated as the average of the specific cost values of existing
stationary battery projects [62—67].

Table 4-5 Specific investment costs for BSS projects, battery cells and converters

Investment Type Specific Costs
Investment costs for big stationary battery plants 489 EUR/kWh
Replacement investments in battery cells as of 2030 70 EUR/kWh [68]
Replacement investments in converters 65 EUR /kW [69]

Table 4-6 shows the technical parameter of the BSS adopted for the cost
calculation. The assumed economic life thereby amounts to 40 years and
represents the expected service life of an OHL conductor.

Table 4-6 Assumptions adopted for the cost calculation of BSS

Input Data Value
Charge and discharge efficiency factor of the battery system 90 % [70]
Depth of discharge (DoD) 100 % [71]
Service life of battery cells 20a([72], [73]
Service life of converters 15 a[74]
Economic life 40 a [75]
Interest rate 8%

4.2.1.3 Costs of the DPC

The time series-based DPC is a variant of the PC which can be applied
temporarily, goal-oriented and selective to PV and wind plants in order to avoid
grid congestion [37]. The application of the DPC implies the possibility of
controlling the power plants by the responsible grid operators. In this work, it was
assumed that this possibility is given for all PV and wind plants connected to the
grid in question and to the subordinate grids. The DPC of RES was considered in
the planning algorithm as a further planning instrument.

The curtailment costs Costppe represent the compensation costs paid to RES
operators for the curtailed amount of power. The curtailment costs incurring in the
simulated year were calculated depending on the curtailed PV and wind energy
Eppc and the specific curtailment costs Kpp¢ spec- FOr the purposes of simplification,
the curtailment costs incurring in the simulated year were assumed to be constant
yearly over the economic life and discounted to the total present value at the initial
investment year:
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Costppc = Kppc,spec * Eppc - PVF - 107° (61)

Eppc Total curtailed energy during the simulated year in MWh/a
(optimization variable)

Kppcspec  Specific costs of the PC in EUR/MWh
The total curtailed energy during the simulated year is calculated depending on the
amount of PV and wind power curtailed on every node i at every time step t.

Nsteps,q Nnodes

Eppc = Z z (APpy it + APying i) * Atstep (62)

t=1 =1

APpy ;¢ PV active power curtailed on node i at time step t in MW
(optimization variable)

APying i  Wind active power curtailed on node i at time step t in MW
(optimization variable)

Atseep Duration of a time step t in h

Table 4-7 shows the adopted specific curtailment costs which have been deduced
from the total compensation costs levied for feed-in management of RES in the
German distribution grid in 2018 [76].

Table 4-7 Specific costs assumed for the curtailment of RES

Cost Type Specific Costs

Compensation costs for the curtailment 97.2 EUR/MWh [76]
of RES power

4.2.2 Linear Constraints

In addition to the objective functions, linear constraints were implemented in the
optimization in order to consider the grid restrictions according to the planning
principles for HV grids, as described in 2.1.3.1.

4.2.2.1 Linear Constraints Regarding the Planning Principles in the Case
of OHL Application

In order to fulfil the grid planning principles, the linear constraints (63) were
implemented combining the contribution of CGE, BSS and DPC to prevent line
overloads for the (n-0) state and all (n-1) states of the grid. Considering a line [ in
the grid, which is included in an LS m, the linear constraints (63) state that the
power flow value through the line must be maintained within the power-carrying
capacity Sy,qx,., Of that line for every time step ¢ and every line outage a. The
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instruments available to fulfil these constraints are the control of the BSS power
(Ps¢) or the reduction of the PV and wind power (Appy.) and (Apwinac),
respectively [29, 32, 33, 34, 35]. Another available instrument is the increase of
the power-carrying capacity of the line S,,,,,,, by line expansion according to the
CGE variant v. Based on these planning instruments, the linear optimization
determines the best combination of measures that must be taken to fulfil the
constraints (63) for all time steps of the year and all lines at minimal cost.

If by, = 1,then:

{ (NACLODF)(a) [l; N] ’ ((PN,t) + (PS,t) + (APPV,t) + (APWind,t)) < Smax,l,v (63)

(NACLODF)®[L; N1+ ((Py,) + (Ps) + (APpy ) + (APwinas)) = —Smaxiv
VmEM,VIEL|LEMVa€EAVLETyeursq v € {0,1,2}
(NACLODF)@[I; N] The I*" row of the matrix (NACLODF) for the line state a

Smax,Lv Power-carrying capacity of line [ in the case of CGE
variant v in MVA

Variant O corresponds to the case where no new CGE measures are required.
This means that S,,,,,; o cOrresponds to the original power-carrying capacity of the
line [ without CGE. The calculation of the load flow in the constraints (63) is based
on the simplified assumption that the matrix (NACLODF) remains constant. In
reality, the values of the matrix can change depending on the new CGE measures
applied, which can lead to deviations in the calculated power flow values.

4.2.2.2 Linear Constraints Regarding the Planning Principles in the Case
of UGC Application

In the case of UGC application, further linear constraints according to (64) were
implemented. The constraints ensure that in case an overloaded OHL must be
replaced by UGCs to prevent the overload, then the parallel lines included in the
same LS must be also replaced by the appropriate UGCs. If the overload can be
prevented without CGE, then the parallel OHLs of the same LS will not be
expanded.

lf Nm,lines = 2, then bll‘,O = blj,O (64)
vm e MV{l,[}Cm|i=]

Whereas [; and [; are two arbitrary parallel lines comprised in the same LS m, and
by, o and bl].,O are binary variables associated to the lines [; and [;, respectively, in

the case of the CGE variant 0.
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By analogy with the CGE based on OHLs, the linear constraints (65) were
implemented in the case of CGE with UGCs. Contrary to (63), these constraints
allow the application of different CGE variants to the parallel lines of the same LS
m, based on the UGC technology.

If by, = 1,then:

{ (NACLODF)(a) [l; N] ) ((PN,t) + (PS,t) + (APPV,t) + (APWind,t)) =< Smax,l,v (65)

(NACLODF)@[;N] - (Pye) + (Ps) + (APpy,) + (APwina)) = —Smaxv

VIEL,Va€A,VtETTeursq v € {0,345}

4.2.2.3 Further Linear Constraints Implemented

In order to ensure, that only one CGE variant is chosen for each LS among all
possible considered CGE variants, the following linear constraints were
implemented in the case of CGE with OHLSs:

bmo + bma1 + bz =1 (66)
vmeM
In the case of CGE with UGCs, the following constraints were implemented to

ensure only one CGE variant is chosen for each line:

bio+ bz +bs+bs=1 (67)
VIEL

In order to model a realistic operation of the BSS, the constraints (68) regarding
the positive sign of the amount of energy stored in the BSS at every time step
have been implemented:

Es; =20 (68)

Vs€eSVtETearyq

In addition, further linear constraints concerning the correct use of the DPC in the
grid planning were considered. As described in 2.2.2, the curtailed energy of a PV
or wind power plant in a year must not exceed 3 % of the total prognosticated
energy of the plant [3]. Therefore, the total PV and wind energy curtailable by the
planning algorithm on every node of the grid was limited to 3 % of the total
prognosticated PV and wind energy, respectively, per node.
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( Nsteps,q Nsteps,q

Ecurepv,i = z APpy it Atgrep < 0.3 2 Ppy it * Atstep
t=1 t=1 (69)

Nsteps,q Nsteps,q

Ecurt,Wind,i = Z APWind,i,t ’ Atstep <03- z PWind,i,t ' Atstep
t=1 t=1

VieN

Ecurepvi PV energy curtailed on node i in a year in MW h (optimization
variable)

Ecurewinag; Wind energy curtailed on node i in a year in MWh (optimization
variable)

Poy it PV power on node i at time step t in MW
Pwinait Wind power on node i at time step t in MW

In addition, the PV and wind power curtailable on every node i was restricted to
the maximal prognosticated power at every time step t:

{ 0<APpyit < Ppyi¢ (70)

0 < APying,it < Pwina,it

Vi€EN,VtE Tyearsg

4.2.3 Costs of the Power Losses

During the operation of the grid, power losses accrue steadily for all adopted grid
expansion solutions. However, the choice of the applied expansion instruments,
whether OHLs, UGCs, BSS, DPC or a combination of these instruments, has a
different influence on the power losses in the grid. The power losses incurred can
be significant, especially at higher voltage grid levels, due to the high load flows.
These losses must be compensated by grid operators through a transparent,
market-oriented and nondiscriminatory manner [3]. In order to evaluate the impact
of every planning variant on the grid losses, the total energy losses incurred in the
grid were calculated in this work for all considered planning variants after
completion of the optimization. This means that the energy losses were not
considered in the planning algorithm as a deciding criterion for the grid planning
and could not, hence, influence the planning results. The total energy losses and
their estimated costs were merely calculated based on the grid planning algorithm
results after completion of the optimization as a further evaluation parameter of
the planning variants. The types of losses considered in this work are the storage
and grid losses. The storage losses accrue in the BSS and reflect a storage
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efficiency less than 1. The grid losses accrue in the power lines and transformers.
Only grid losses accruing in the grid lines were considered in this work. These
losses are divided into current-dependent losses, voltage-dependent losses and
compensation losses in the case of UGCs and compensation reactor application
[58, 61, 71, 72, 73]. The costs of the total losses over the economic life were
calculated as follows:

COStLoss = KLoss,BSS + KLoss,l + KLoss,U + KLoss,Comp (71)

Cost;,ss  Total costs of incurred losses in the lines and the BSS
in EUR million

Kiosspss ~ Costs of the losses incurred in the BSS in EUR million

Kioss1 Costs of the current-dependent losses incurred in the power lines
in EUR million

Kiossu Costs of the voltage-dependent losses incurred in the power lines
in EUR million

Kiosscomp Costs of the compensation losses in EUR million

4.2.3.1 Costs of the Storage Losses

The energy-efficiency factor is the ratio between the energy taken from the battery
and the energy supplied to the battery for a given time slice. It is also the product
of the Coulombic efficiency factor and the voltage-dependent efficiency factor of
the battery [80]. A deviation of the Coulombic efficiency factor from 1 is caused in
lithium ion batteries by irreversible side reactions resulting from aging effects,
such as corrosion or passivation layers. These reactions are uncritical in lithium
ions batteries. The voltage-dependent factor reflects occurring overvoltages. The
losses between the energy taken from the battery and the that supplied to the
battery are, to a great extent, converted into heat [81]. The energy losses incurred
in the BSS over the simulation year were calculated in this work depending on the
charge and discharge efficiency factor nggs as:

Nsteps,q Npss

1 72
ElossBss = Z Z (1 —7npss) " (Pscr + @ Py at) * Atgep (72)

t=1 s=1
Erosspss Energy losses incurred in the BSS over the simulated year in MWh
The costs of the energy losses incurred in the BSS over the considered economic

life were calculated depending on the average value of the purchase price for the
compensation energy and the present value factor.
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Kioss,pss = ELosspss * Kcg - PVF -107° (73)

Kcg  Average value of the purchase price for the compensation energy in
EUR/MWh

4.2.3.2 Costs of the Current-dependent Losses

The current-dependent losses occur in OHLs and UGCs depending on the current
flow and the ohmic resistance of the line [58, 77]. The current-dependent energy
losses incurred over one year were calculated for every considered planning
variant, with the help of the time series-based modelling. The energy losses were,
thus, calculated based on the resulting load flow from the planning algorithm after
completion of the optimization, considering the new resistance of the lines in the
case of a planning variant including CGE:

Nsteps,q Nyines

St , _
Elossi = Z Z DR Ry L Atstep +107° (74)
t=1 =1

Uy
E.ss;  Current-dependent energy losses over the simulated year in MWh

Sitmax Maximum resulting power flow value through line [ at time step t with
respect to the possible line outages in VA

R;, Resistance per unit length of line [ in the case of a CGE variant v in
N/km

The resistance per unit length R}, of a line [ corresponds to the resistance of one

new OHL or cable multiplied by the number of the applied parallel bundles or
cables respectively, according to the resulting CGE variant v.

Table 4-8 presents the adopted resistance values per unit length for one single
conductor OHL and one cable. In the case where v is equal to 0, R; , corresponds
to the original resistance of that line. In a further step, the costs of the current-
dependent losses have been estimated based on the energy losses and the
average purchase price of the compensation energy as follows:

KLoss,I = ELoss,I *Kcg - PVF - 10-° (75)

4.2.3.3 Costs of the Voltage-dependent Losses

The voltage-dependent losses are due to the insulation permeability of the power
line and occur as long as the line is under power, independent of the value of the
current flow. The voltage-dependent losses were calculated for every planning
variant depending on the nominal voltage and the resulting shunt conductance of
the lines after completion of the optimization [77, 78]:
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Niines 5

ELossy = Z Z UZ- Gyl -8760 h-107° (76)

=1 v=0

E.ssy Voltage-dependent energy losses over the simulated in MWh

G, Shunt conductance of line [ per unit length in the case of a CGE
variant v in S/km

It should be noted that the shunt conductance per unit length G;, of a line [
corresponds to the shunt conductance of one new OHL or cable multiplied by the
number of the applied parallel bundles or cables, respectively, according to the
resulting CGE variant v from the planning algorithm.

Table 4-8 presents the adopted shunt conductance values per unit length for all
variants v for one single conductor OHL and one cable. The costs of the voltage-
dependent losses were calculated as follows:

KLoss,U = ELoss,U *Kcg - PVF - 107 (77)

4.2.3.4 Costs of the Compensation Losses

The compensation costs accrue in the case where UGCs are applied in the grid
and compensation reactors are used to compensate the capacitive power due to
the high insulator capacitance of the cables. The compensation losses occur in
the ohmic resistance of the compensation reactors as long as they are under
power, independent of the power flow value. These losses were calculated
depending on the resulting cable capacitance after completion of the optimization,
the quality factor of the compensation reactors and the grid voltage as follows
[77, 78]

Niines 5 1
ELoss,Comp = z z U]%/ ' Cl,,v O ll -—-8760 h - 10_6 (78)
=1 v= 9
=1 v=3
ELosscomp ENergy losses of the compensation reactors over the simulated
year in MWh
Cly Insulator capacitance of the cable for line [ in the case of the CGE

variant v in F/km

g Quality factor of the compensation reactor

The compensation losses were considered in the planning algorithm only in the
case of UGC application and, hence, only for the CGE variants 3, 4 and 5. In this
case, the insulator capacitance per unit C;,, corresponds to the capacitance per
unit of one new cable multiplied by the number of the applied parallel cables
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according to the resulting CGE variant v from the planning algorithm. The costs
of the compensation losses were calculated as follows:

KLoss,Comp = ELoss,Comp Kcg " PVF - 107° (79)

Table 4-8 presents the adopted cable capacitance per unit length for one cable.
The specific costs for the compensation of the energy losses were assumed to be
44.46 EUR/MWh, which is the average price of electricity on the EPEX Spot
market in 2018 [82].

Table 4-8 Technical parameters assumed for the energy loss calculation

Parameter Designation OHL UGC Unit

R, Resistance per unit 0.1095 [83] 0.0326 [60] N/km
length

G, Shunt conductance 50 [56] 88 [78] nS/km

per unit length

C; Insulator capacitance - 0.211 [60] UF [km
per unit

g Quality factor of the - 470 [78] -

compensation reactor
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4.3 Planning Algorithm for MV Grids

The functioning principle of the planning algorithm for MV grids is very similar to
that for HV grids, as illustrated in Figure 4-4. In the case of MV grids, only UGCs
are applied for the CGE and the grid restrictions considered are the compliance
with the current-carrying capacity of the power lines and the voltage range limits
allowed in the (n-0) state.

A description of the objective functions and constraints implemented in the
planning algorithm for MV grids is given in the following sections.

C =

v

Selection of the planning instruments

Only buried cables Only BSS Only DPC Combination

¢ Replacement of lines with e Unrestricted dimensioning | e All plants are curtailable
parallel cables of 361 A

e Unrestricted placement
each

on existing nodes

v

MILP optimization

Minimization of the total costs

Objective
functions

Minimization of the stored energy in the BSS

e Voltage range limit
e Line loading limit

Constraints

e 3% energy curtailment limit

v

Most cost-efficient grid expansion measures

Figure 4-4 Functioning principle of the planning algorithm for MV grids

4.3.1 Objective Functions

The objective functions of the grid planning algorithm for MV grids were
implemented in a similar way to the planning algorithm for HV grids (see 4.2.1).
However, the CGE variants considered here are obviously different from the ones
in HV grids.
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The CGE variants considered for the planning of MV grids in this work are the
following:

e CGE variant 1: Expansion construction utilizing a standard UGC with a current-
carrying capacity of 361 A. If the existing power line is the latter, then a parallel
cable of the same type is added, enabling a higher total current-carrying
capacity of 722 A.

e CGE variant 2: Replacement construction utilizing a standard UGC with a
current-carrying capacity of 361 A. If the current-carrying capacity of the
existing line is less than 361 A, then the line is replaced by a standard UGC
with a higher current-carrying capacity of 361 A.

e CGE variant 3: Replacement construction utilizing two standard UGCs each
with a current-carrying capacity of 361 A, enabling a higher total current-
carrying capacity of 722 A.

e CGE variant 4: Replacement construction utilizing three standard UGCs each
with a current-carrying capacity of 361 A, enabling a higher total current-
carrying capacity of 1083 A.

Unlike the HV grid, the CGE of MV grids nowadays in Germany is realized based
on UGCs only [7, 44]. Therefore, the line expansion was considered in the
optimization for each line separately.

The total investment cost of new cables I ;:ne Was calculated depending on the
specific costs of the employed CGE variant and the line length. A possible
deviation of the new line length from the original one was not considered here,
because the lines in the MV grid are shorter than in HV grids and a great part of
the lines has already been laid with the cable technology.

Niines Nvar

legE line = Z Z by K, 1-107° (80)

=1 v=1

veE {1,2,34}

In the case where no CGE is required for a considered line of the grid, the variant 0
is chosen by the optimization algorithm and no incurred expenses are considered
for that line. The expansion of power lines in the MV grid is also associated with
the expansion of transformer substations. When increasing the current-carrying
capacity of an existing power line that is connected to a transformer station to more
than 361 A, the station is expanded with a further outgoing feeder panel.
Therefore, the investment expenses for adding more outgoing feeder panels
Icge paner Was considered in the main objective function for the CGE variants 1, 3
and 4:
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Niines

ICGE,panel = z Kpanel “Nry - (bl,l + bl,3 +2- bl,4) -107° (81)
=1

The specific investment costs K,q,.; are, hence, applied to the outgoing feeder
panels added in transformer stations. Table 4-9 presents the specific investment
costs of CGE measures adopted in MV grids. In the case of multiple parallel
cables, a reduction of the investment costs of the cables has been taken into
account. When replacing a power line by two parallel cables (CGE variant 3), the
adopted investment costs of the new cables are equal to 1.5 times the investment
costs of one cable. In the case where a line is replaced by three parallel cables
(CGE variant 4), the adopted investment costs of the new cables equal twice the
investment costs of one cable.

Table 4-9 Specific costs of the CGE measures in MV grids [7]

Equipment Description Specific Costs
One underground cable 361 A cable, 145 TEUR/km
ground work,
land,

resonant neutral earthing

One outgoing feeder panel 361 A busbar (partly), 90 TEUR /unit
coupling section,
feeder panel,
secondary system,
land

4.3.2 Linear Constraints

In order to fulfil the grid restrictions required in MV grids, linear constraints were
implemented in the planning algorithm. The expansion of power lines was applied
here as a planning instrument to prevent overload problems. In the case of voltage
violation on the grid nodes, the split of grid feeders, as described in 2.1.4.2, was
not considered in the planning algorithm to prevent voltage congestion. Instead,
the planning algorithm treats voltage congestion by the application of BSS or DPC,
as explained in the following sections. Furthermore, the (n-1) criterion was not
considered here for MV grids.

The constraints implemented in the planning algorithm combine the contribution of
CGE, BSS and DPC to prevent voltage transgressions and line overloads in the
(n-0) state. Only the provision of active power in the case of BSS application was
considered here. In the case of DPC application, both active and reactive power
are curtailed. The reactive power curtailed at each time step was implemented
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here depending on the curtailed active power and the phase change angle of the
PV or wind power plant:

AQpv,it = APpy ;¢ " tan gpy; (82)
AQwina,it = APwina,it " taN Pwina,i (83)

ViEN,VtE Tyoarg

AQpy ;¢ PV reactive power curtailed on node i at time step t in Mvar
(optimization variable)

AQwinair Wind reactive power curtailed on node i at time step t in Mvar
(optimization variable)

Q; Phase change angle of the power plant connected to node i in °

The power plants of the same type connected to the same node i or to the
underlying grids of the node were considered cumulatively as one plant connected
to that node. The phase change angle ¢; is considered as a constant value for
every PV or wind power plant and was deduced from the cumulated active and
reactive power installed on the node. The linearized LFC method adopted for the
planning of MV grids is different from that adopted for HV grids. In order to model
the contribution of the BSS and DPC to fulfill the voltage constraints, the linear
system (25) was expanded to include the column vector of the storage power and
the column vectors of the curtailed PV and wind power in the per-unit system:

O\ _ . <(pN,t) + (pse) + (Bopy,e) + (ApWind,t)> 84
<(u)) “ (an,t) — (AqPV,t) = (Aqwina,t) +(O (84)

Based on the equation system (84), linear constraints were implemented in the
optimization, limiting the voltage deviation on every grid node i at every time step t
to —1.5 % and +5 % of the nominal voltage, according to [7].

0.985 pu < u;; < 1.05pu

. (85)
ViEN,VtETyearg

Note that the use of CGE in the planning algorithm as the only planning instrument
cannot satisfy the implemented voltage constraints, since the matrix (4) and the
column vector (C) used for the linear LFC in the optimization are constant inputs
and cannot, thus, be varied in order to fulfil the constraints. The variation of the
injection power through the use of BSS or DPC is, therefore, required to satisfy the
voltage constraints.

In order to ensure the safe operation of the power lines, the load flow must be
steadily beneath the current-carrying capacity of the lines. Since the reactive
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current I, , through the lines is relatively low compared to the active current I, ,,,

the reactive current was neglected, leading to the adoption of the following
simplification:

Le=lh: (86)
VIELYtE Tyearg

The simplified linear equations (32) were used to implement the restrictions for
the maximal current flow value permitted through every line [ connected between
nodes i and j and at every time step t. The contribution of the CGE was, thereby,
considered through the possibility of increasing the current-carrying capacity of
the lines in the per-unit system depending on the considered CGE variants:

b= Btk oy
VIELVLtETyeqrq v E {0,1,2,3,4}
Imaxy Current capacity of line [ in the case of the CGE variant v in pu
In order to ensure that only one CGE variant for each line is chosen from
considered, the following linear constraint was implemented:
bio+b1+b,+bs+b,=1 (88)

VIieL
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5 Technical and Economical Results of the Grid
Planning Algorithm

The results of the planning algorithm’s application on the modelled HV and MV
grids are presented in the following sections.

5.1 Application of the Planning Algorithm on a HV Grid

At first, the modelled HV grid, as described in 3.1, was analyzed based on the
adopted linearized LFC before expanding the grid. Figure 5-1 presents the part of
the grid which shows line overloads at some time points of the simulated year.
The grey lines are the power lines which showed no overload for any (n-0) or (n-1)
line state at no time point of the simulated year or which are too short to be
considered. The red lines represent the power lines which showed an overload
for at least one (n-0) or (n-1) line state at some time points of the simulated year.
The black dots illustrate the junctions between two or three power lines. Ten lines
of the considered HV grid part show an overload over the simulated year, as
illustrated in the figure.
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Figure 5-1 Overloaded lines of the modelled HV grid
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Figure 5-2 illustrates the power flow through the overloaded lines in consideration
of the (n-0) and all relevant (n-1) states, in the form of boxplots. For each
considered line, the boxplot indicates the load values for 25, 50 and 75 % of the
total calculated load states as well as the minimum and maximum reached load
values. The dotted red line represents the power-carrying capacity of the lines in
percent. It can be seen from the figure that the power flow at certain time points
of the year could reach about 200 % of the thermal capacity of the line, as is the
case for line 6. The aim of the planning algorithm is to expand the grid with minimal
total costs in consideration of different expansion variants, in order to prevent all
prognosticated congestion for all (n-1) states.
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Figure 5-2 Line load of the endangered lines of the original HV grid

Table 5-1 presents the values of the maximum permitted and the maximum
prognosticated load flow for each line of the HV grid part.

Table 5-1 Prognosticated load flow from the LFC and maximum permitted load flow of the lines

Lines Maximum Load Flow Maximum Load Flow
Permitted / MVA Prognosticated / MVA
Line 1 101.9 106.3
Line 2 101.9 135.9
Line 3 129.5 217.2
Line 4 129.5 245.4
Line5 101.9 164
Line 6 101.9 203.4
Line 7 101.9 164
Line 8 101.9 119.2
Line 9 120 194
Line 10 120 221.8
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The maximum prognosticated load flow values in Table 5-1 have been derived
from the linearized LFC considering the (n-0) and the relevant (n-1) states, as
described in 3.1.

The planning algorithm has been applied to the modelled HV grid for different grid
expansion variants. The applied expansion variants represent different
combinations of the considered technologies:

e Overhead lines (OHL)

e Underground cables (UGC)

e Battery storage systems (BSS)

e Dynamic power curtailment (DPC)

The planning algorithm determines the optimal expansion measures for each
considered variant that would prevent all prognosticated grid congestion and fulfil
the (n-1) criterion over the simulated year and that, at the same time, ensures
minimal total expansion costs. Due to the 3 % limit, the use of the dynamic
curtailment as the only planning instrument has proven to be insufficient to prevent
all prognosticated congestions in the considered HV grid. Therefore, this planning
variant was not considered in the following evaluation.

5.1.1 Planning Results in the Case of OHL Application

When considering the CGE based on OHL, the expansion of one overloaded line
system implies the expansion of the whole respective LS, including the parallel
line systems. The results from the planning algorithm, by consideration of the CGE
based on OHL as the only planning technology, has yielded the expansion of the
LS LS1 according to variant 1 of the CGE and the expansion of the remaining LSs
LS2 to LS7 according to the variant 2 of the CGE. Table 5-2 shows the resulting
CGE measures from the planning algorithm depending on the LSs. As described
in 4.2.1.1, variant 1 of the CGE represents a replacement construction with a
single conductor OHL with a current-carrying capacity of 680 A. Variant 2 of the
CGE represents a replacement construction utilizing an OHL based on two
bundled conductors with a total current-carrying capacity of 1360 A. The resulting
total line length of the CGE measures amounts to about 118.4 km.
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Table 5-2 Results of the planning variant using CGE based on OHL

Line Segment Parallel OHL Original Length CGE Variant
Systems / units [ km
LS1 2 9.8 1
LS2 2 5.2 2
LS3 2 24 2
LS4 2 21.4 2
LS5 2 11.8 2
LS6 1 14.2 2
LS7 1 2.9 2

Figure 5-3 shows the power flow through the same lines as in Figure 5-2 after
CGE with OHLs, in the form of boxplots. The illustrated power flow values
consider the (n-0) and all relevant (n-1) states for each line. The maximum values
reached after CGE with OHLs are now under the power-carrying capacity for all
lines. A significant transport capacity reserve is even available for most of the
lines, enabling more integration of RES than that considered in the scenario 2030.
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Figure 5-3 Line load of the HV lines after CGE based on OHL

The total costs of the resulting CGE measures are estimated at EUR 97.2 million.
The investment costs of the new lines and feeder panels represent about 81 % of
the total costs. The ongoing operating costs over the economic life of 40 years
make up about 19.3 % of the total costs. Table 5-3 summarizes the distribution of
the total costs.

Table 5-3 Resulting costs of the planning variant with OHL

Total Costs Investment in Investment in Operating Costs
/ EUR Million OHL / % Feeder Panels / % [ %

97.2 72.8 7.9 19.3
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Based on the resulting CGE measures from the planning algorithm and the
prognosticated load flow through the lines, the yearly accruing current and
voltage-dependent losses were calculated. Assuming constant yearly losses over
the economic life of 40 years, the total costs of the energy losses were then
calculated, as described in 4.2.3. The total costs are estimated at EUR 5.2 million.
Table 5-4 shows the yearly losses calculated and their repartitions between
current-and voltage-dependent losses. As can be seen from the table, the current-
dependent losses generally make up the significant part of the losses in the case
of OHL applications.

Table 5-4 Resulting energy losses for the planning variant with OHL

Costs of Energy Yearly Energy Current Voltage
Losses Losses /GWh/a  Dependent Losses Dependent Losses
/ EUR Million | % | %
5.2 9.8 88.3 11.7

5.1.2 Planning Results in the Case of OHL and DPC Application

When combining the CGE based on OHL with the dynamic curtailment as a further
degree of freedom in the grid planning with consideration of the 3 % curtailment
limit, the length of the required CGE measures was reduced to about 63 %
compared to the application of OHLs alone. Consequently, only four LSs instead
of seven must be expanded now. As illustrated in Table 5-5, the LSs affected by
the CGE are, henceforth, LS4 and LS5 according to variant 1 as well as LS3 and
LS7 according to variant 2 of the CGE. On the other hand, the curtailment energy
of PV and wind plants required over the simulation year amounts to about
24.5 GWh.

Table 5-5 Results of the planning variant combining OHL and DPC

Line Parallel OHL Original CGE Variant | Curtailed Energy
Segment / units Length / km / GWh/a

LS3 2 24 2 24.5

LS4 2 214 1

LS5 2 11.8 1

LS7 1 2.9 2

Figure 5-4 presents the power flow through the same lines as in Figure 5-2 after
grid expansion with OHL and DPC, in the form of boxplots. The power flow values
illustrated for each line consider the (n-0) and all relevant (n-1) states. Compared
to the variant only with CGE, the expansion of the LSs LS1, LS2 and LS9 have
now been completely replaced by the application of the dynamic curtailment. In
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addition, the expansion of LS4 according to variant 2 of the CGE has now been
replaced by variant 1 of the CGE. This variant is sufficient to prevent the
prognosticated overloads on line 5 but not on line 6, included in the same LS LS4.
Therefore, the dynamic curtailment has been applied more in order to prevent the
remaining prognosticated overloads on line 6. The contribution of the DPC to
prevent the prognosticated overloads on lines 1, 2, 6 and 9 can be seen in Figure
5-4 from the accordance of the maximum load flow values reached on these lines
with the power-carrying capacity.
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Figure 5-4 Load flow through the lines of the HV grid after grid expansion with OHL and DPC

The total costs of the combined application of OHL and DPC are estimated at
about EUR 68 million, which is about 30 % lower than the costs of the grid
expansion with only OHL. Table 5-6 shows the cost allocation of this variant,
whereas the costs of OHL and line feeder panels constitute 47 % and the
curtailment costs about 42 % of the total costs.

Table 5-6 Costs of the planning variant combining OHL and DPC

Total Costs Investment in Investment in Operating  Curtailment
/ EUR Million OHL /% Feeder Panels /% Costs /% Costs /%
68 43.6 3.4 11.2 41.8

The yearly accruing current- and voltage-dependent losses were calculated, as
described in 4.2.3.2 and 4.2.3.3. The total costs of the energy losses were
subsequently determined, assuming constant yearly losses over the considered
economic life. The total costs of the losses in the case of the grid expansion with
OHL and DPC amount to EUR 8.1 million. Table 5-7 shows the calculated yearly
losses and their repartitions between current- and voltage-dependent losses. As
can be seen from the table, the yearly energy losses increased compared with the
planning variant based only on OHL. This is due to the higher resistance of the
power lines that have not been expanded.
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Table 5-7 Resulting energy losses for the planning variant based on OHL and DPC

Costs of Energy Yearly Energy Current Voltage
Losses Losses / GWh/a Dependent Dependent
/ EUR Million Losses / % Losses /%
8.1 15.3 95.6 4.4

5.1.3 Planning Results in Case of UGC Application

The considered CGE with UGC in HV grids is meant to replace overloaded OHL
with the appropriate cables that would prevent these overloads for all (n-1) states.
In the case where an LS comprises two parallel OHLs and overloads are
prognosticated on one of them, both lines would be replaced with as many UGCs
as necessary to transport the prognosticated load flow through each line.
Furthermore, it was assumed arbitrarily in this work that the detour factor amounts
to 1.3 times the line length of the OHL. In this context, the planning algorithm
determined the appropriate and cost optimized cable dimensioning to prevent the
prognosticated overloads in the considered HV grid. Table 5-8 presents the
original lengths of the overloaded OHLs according to Figure 5-1 and the resulting
CGE variants. The lines parallel to line 1 and 2, despite not being affected by
overloads and, hence, not presented in the table, were expanded according to
variant 3 of the CGE, because they are included in the LSs LS1 and LS2. The
expansion costs of these lines were also considered in the cost calculation. The
total line length required in the case of CGE with UGCs represents here about 2.2
times the total required line length in the case of CGE with OHL.

Table 5-8 Resulting CGE measures with UGCs

Line Original Length / km CGE Variant
Line 1 9.8 8
Line 2 5.2 4
Line 3 2.4 4
Line 4 2.4 5
Line 5 214 4
Line 6 21.4 4
Line 7 11.8 4
Line 8 11.8 3
Line 9 14.2 4
Line 10 29 4
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Figure 5-5 shows the power flow through the same lines as in Figure 5-2 after
CGE based on UGCs, in the form of boxplots. The power flow values illustrated
for each line consider the (n-0) and all relevant (n-1) states. The maximum values
reached after application of the cables are now under the power-carrying capacity
for all lines. The same as for CGE with OHLs, a transport capacity reserve is
available for most of the lines, enabling more integration of RES than considered
so far in the scenario 2030.
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Figure 5-5 Load flow through the HV lines after CGE with UGC

The total costs of the CGE with cables, including the investments in cables,
outgoing feeder panels, compensation reactors and operating costs over the
economic life of 40 years, are presented in Table 5-9. These costs are estimated
at about EUR 413.5 million, which represents about 4.3 times the total expansion
costs with OHL.

Table 5-9 Costs of the planning variant using CGE with UGC

Total Costs Investment Investment in Investment in  Operating
/ EUR Million in UGC /% Feeder Panels / % Reactors / % Costs / %

413.5 77.1 15 2.1 19.3

In addition to the current- and voltage-dependent losses, the compensation losses
were calculated, as described in 4.2.3.4, in order to determine the yearly incurring
energy losses. Based on that, the total costs of the energy losses over the
considered economic life were estimated. As shown in Table 5-7, the total costs
of the energy losses for this planning variant amount to EUR 5.5 million.

Table 5-10 Resulting energy losses for the planning variant with UGC

Costs of Energy | Yearly Energy Current Voltage Compensation
Losses Losses / Dependent Dependent Losses / %
/ EUR Million GWh/a Losses /% Losses / %

5.5 10.3 38 23.8 38.2
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Although the yearly incurring energy losses, which amount to about 10.3 GWHh,
are, in total, a bit higher compared to the planning variant with OHL, the current-
dependent losses are 55 % lower here than those of the OHL application. This is
due to the conductor cross-section, which is generally bigger by cables than by
OHLs, in order to enable the heat dissipation [77]. On the other hand, the voltage-
dependent losses have a larger effect when applying UGCs than when applying
OHLs due to the higher insulator conductance of cables. The compensation
losses, which are negligible in the case of OHL application, make up, with 38.2 %,
a considerable part of the losses in the case of the grid planning variant with
cables.

5.1.4 Planning Results in the Case of UGC and DPC Application

When applying UGC in combination with the DPC, the required CGE measures
were reduced. Table 5-11 shows the lines that still require CGE and the total
energy curtailed over the simulated year. Compared with the variant based only
on UGCs, the expansion of lines 1, 2 and 9, and those parallel to line 1 and 2 of
the same LSs, was completely replaced here by the application of DPC.
Furthermore, the expansion of lines 5 and 7 according to variant 4 of the CGE
was replaced by variant 3 combined with the application of the DPC. In addition,
the expansion of line 4 according to variant 5 of the CGE was replaced by
variant 4, since the DPC led to the reduction of the RES power injection and,
hence, to the reduction of the power flow through the considered lines, including
line 4. Consequently, the total required cable length was reduced by the additional
DPC application to about 51 % compared to only CGE with UGC.

Table 5-11 Results of the planning variant combining UGC and DPC

Line Original Length / km CGE Variant Curtailed Energy / GWh/a
Line 3 24 4 22.8
Line 4 2.4 4
Line 5 214 3
Line 6 214 4
Line 7 11.8 3
Line 8 11.8 3
Line 10 2.9 4

Figure 5-6 presents the new power flow through the same lines as in Figure 5-2
after the combined application of UGC and DPC, in the form of boxplots. The
power flow values illustrated for each line consider the (n-0) and all relevant
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(n-1) states. The contribution of the targeted DPC application to prevent the
prognosticated overloads on lines 1, 2, 5, 7 and 9 can be demonstrated by the
accordance of the maximum reached load flow value with the power-carrying
capacity on these lines.
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Figure 5-6 Load flow through the lines of the HV grid after grid expansion with UGC and DPC

The total costs of the grid expansion using UGC and DPC is estimated at about
EUR 237.4 million, as shown in Table 5-12. The investment in cables has the
highest share at about 68.6 %. The investment in feeder panels and
compensation reactors is estimated at 3.2 %. The ongoing operating costs are
estimated at 17.1 %. The curtailment costs constitute 11.1 % of the total costs,
but lead to a reduction of the total costs to 57.4 % compared with the planning
variant based only on UGCs.

Table 5-12 Costs of the planning variant combining UGC and DPC

Total Costs | Investment Investment Investmentin Operating DPC
/ EUR Million | inUGC /% in Feeder Reactors/% Costs/% Costs/ %
Panels / %
237.4 68.6 1.3 1.9 17.1 11.1

The current- and voltage-dependent losses as well as the compensation losses
were calculated based on the planning algorithm results for this planning variant.
The results of the loss calculation, shown in Table 5-13, reveal an increase of the

yearly losses by this planning variant of about 17.5 % compared to the planning
variant based only on UGCs.

Table 5-13 Resulting energy losses for the planning variant with UGC and DPC

Costs of Energy | Yearly Energy Current Voltage Compensation
Losses Losses Dependent Dependent Losses / %
/ EUR Million / GWh/a Losses /% Losses /%

6.4 12.1 71.2 12.25 16.55




5 Technical and Economical Results of the Grid Planning Algorithm 73

Due to the DPC application, some OHLs have been kept in the grid and have not
been replaced by cables. Given the fact that the resistance of OHL is greater than
the resistance of UGC, the incurred current-dependent losses are, hence, higher
when applying this planning variant than when applying only UGC and amount to
about 71.2 % of the losses. The total costs of the losses over the considered
economic life are estimated at about EUR 6.44 million.

5.1.5 Planning Results in the Case of BSS Application

When applying only BSS for the grid expansion, the planning algorithm, starting
from nine possible nodes, determined six nodes that are appropriate for the
placement and application of the BSS to prevent prognosticated line overloads.
These nodes are SS2, SS3, SS5, SS6, SS7 and SS9. The total required capacity
and rated power of the six BSS amount to about 2838 MWh and 260.4 MW,
respectively. Table 5-14 shows the detailed repartition and dimensioning of the
BSS.

Table 5-14 Results of the planning variant with BSS

Placement Capacity / MWh Rated Power / MW
SS2 5.2 4.4
SS3 134.8 29.6
SS5 38.8 11.2
SS6 1544.5 43.5
SS7 851.5 143.4
SS9 263.1 28.3

The total costs of such an application over the economic life of 40 years are
estimated to about EUR 1520.1 million. Table 5-15 presents the allocation of the
total costs, whereas the biggest part is due to the high storage capacity required
in order to ensure the (n-1) conforming operation of the HV power lines. This
planning variant based on BSS as the only planning instrument represents the
least economic variant to prevent grid congestion and ensure the (n-1) criterion.
On the other hand, such an application of BSS in the grid planning enables the
entire avoidance of new CGE measures to prevent the prognosticated grid
congestion.

Table 5-15 Resulting costs of the BSS variant

Total Costs BSS Initial BSS Replacement BSS Operating
/ EUR Million Investment / % Investment / % Costs / %

1520.1 91.3% 3.3% 5.4 %
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The incurred losses over the simulated year were calculated according to
chapter 4.2.3, including storage losses as well as current- and voltage-dependent
losses of the existing OHL. Table 5-16 presents the estimated total costs of the
energy losses over the economic life of 40 years, as well as the calculated yearly
energy losses and their repartition depending on the types of losses. Due to the
application of BSS and the conservation of the existing OHL with high resistance
in the power grid, the incurred yearly energy losses are relatively high compared
to the planning variants based only on CGE. The current-dependent losses make
up the biggest part of the losses with 61.7 %. The storage losses represent about
36.4 % of the total losses due to the frequent use of BSS to prevent grid
congestion.

Table 5-16 Resulting energy losses for the planning variant with BSS

Costs of Yearly Energy Storage Current Voltage
Energy Losses | Losses/GWh/a Losses /% Dependent Dependent
/ EUR Million Losses / % Losses /%
17.6 33.2 36.4 61.7 1.9

5.1.6 Planning Results in the Case of BSS and DPC Application

When combining the use of BSS with DPC, the required BSS dimensioning
decreases significantly. Consequently, only 2 of the 6 BSS are still required to
prevent the grid congestion, and new CGE measures can still be avoided
completely. As presented in Table 5-17 from the results of the planning algorithm,
the appropriate nodes for the placement of the BSS are SS6 and SS9. The total
capacity and rated power of the BSS amount in this case to about 347.1 MWh
and 98.8 MW, respectively. The total curtailed energy over the simulated year
accounts, thereby, for about 33.6 GWh.

Table 5-17 Results of the planning variant combining BSS and DPC

BSS BSS Capacity BSS Rated Curtailed Energy
Placement / MWh Power / MW / GWh/a

SS6 276.1 74.5 33.6

SS9 71 24.3

The total costs of the combined use of BSS and DPC in the grid planning are
estimated at about EUR 226.6 million. The allocation of these costs depending on
the cost type is illustrated in Table 5-18. Due to the use of DPC, the storage
capacity required for this planning variant amounts to about 12.2 % of the total
capacity required when applying only BSS. The total costs have also decreased
to about 15 % compared to that with only BSS application, although the
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curtailment costs represent only 17.2 % of the total costs. It is, thus, entirely
reasonable to use the DPC in the case of the grid-supporting application of BSS.

Table 5-18 Resulting costs of the planning variant combining BSS and DPC

Total Costs BSS Initial BSS Replacement BSS Operating DPC
/ EUR Million | Investment / % Investment / % Costs / % Costs / %

226.6 74.9 3.4 4.5 17.2

The energy losses over the simulated year were calculated based on the results
of the planning algorithm. As shown in Table 5-19, the yearly energy losses
decreased compared to the planning variant with only BSS due to the reduced
use of BSS and, hence, the reduced storage losses, but are still relatively high
compared with other planning variants. The current-dependent losses are still
particularly high, since the existing OHLs have been kept in the grid. The total
costs of the energy losses over the economic life amount to about
EUR 13.4 million.

Table 5-19 Resulting energy losses for the planning variant with BSS and DPC

Costs of Yearly Energy Storage Current Voltage
Energy Losses Losses Losses /% Dependent Dependent
/ EUR Million / GWh/a Losses /% Losses /%
13.4 25.4 21.1 76.4 2.5

5.1.7 Planning Results in the Case of OHL, BSS and DPC Application

The application of this planning variant in the planning algorithm delivered the
same results as the planning variant based on OHL and DPC. Due to their high
initial investment costs, BSS represent a more expensive planning instrument
than OHL and DPC due to their high initial investment costs. Regarding the
considered HV grid, the combined application of OHL and DPC represents the
planning variant which prevents all prognosticated line congestion with the least
costs.

5.1.8 Planning Results in the Case of UGC, BSS and DPC Application

The planning variant based on the combined application of BSS, DPC and UGC
led to the reduction of the CGE measures and curtailed energy required to prevent
the prognosticated grid congestion. By means of this variant, it is sufficient to
replace line 6 with one cable (variant 3 of the CGE) instead of two parallel cables
(variant 4 of the CGE) compared with the planning variant based on UGC and
DPC. Consequently, this planning variant enables a reduction of the total required
cable length to 40.5 % compared to the planning variant based on only CGE with
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cables. In addition to the CGE measures, the application of one BSS on the node
SS6 with about 54 MWh capacity and 26 MW rated power, as well as a yearly
curtailment of 22.4 GWh RES energy are required. Table 5-20 summarizes the
resulting required expansion measures from the planning algorithm according to
the considered planning variant.

Table 5-20 Results of the planning variant combining UGC, BSS and DPC

Line Original CGE Curtailed BSS BSS BSS
Length  variant Energy Placement Capacity Power
/ km / GWh/a / MWh I MW
Line 3 24 4 22.4 SS6 54 26
Line 4 2.4 4
Line 5 21.4 3
Line 6 214 3
Line 7 11.8 3
Line 8 11.8 3
Line 10 2.9 4

As shown in Table 5-21, the total costs of this variant over the economic life of
40 years amount to about EUR 222.6 million. These costs represent 14.6 % of the
BSS variant costs, and about 53.8 % of the cable variant costs. The combined
use of BSS, DPC and UGCs is also more economical here than the combined use
of BSS and DPC or the combined use of UGCs and DPC.

Table 5-21 Costs of the planning variant combining UGC, BSS and DPC

Total Costs / EUR Million 222.6
Investment in UGC / % 58
Investment in feeder panels / % 1.0
Investment in reactors / % 1.6
UGC operating costs / % 14.5
DPC costs / % 11.7
BSS investment / % 11.8
BSS Replacement investment / % 0.7
BSS operating costs / % 0.7

Table 5-21 shows the allocation of the total costs between CGE measures, BSS
and DPC, whereas the costs of cables and feeder panels including investment
and operating costs amount to about 75.1 % of the total costs. The DPC accounts
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for about 11.7 % and the BSS costs for about 13.2 %, including the initial
investment, replacement investments and operating costs.

In a further step, the yearly accruing losses were calculated based on the resulting
BSS scheduling and the prognosticated load flow through the lines. Table 5-22
shows the calculated yearly energy losses estimated at 13.6 GWh and their
repartitions between storage losses, current- and voltage-dependent losses and
compensation losses. As can be seen from the table, the current-dependent
losses make up the significant part of the losses for this planning variant, since
many existing OHLs have been maintained and were not replaced by cables. The
total costs of the losses over the economic life of 40 years are estimated at
EUR 7.2 million.

Table 5-22 Resulting energy losses for the planning variant with UGCs, BSS and DPC

Costs of Yearly Storage Current Voltage = Compensation
Energy Energy Losses/ Dependent Dependent Losses / %
Losses Losses % Losses /% Losses /%

/ EUR million / GWh/a

7.2 13.6 9.7 69.6 9 11.7

5.1.9 Summary of the Grid Planning Results in the HV Grid

Table 5-23 ranks the considered planning variants in descending order based on
the final total costs when summing the variant cost and the costs of the grid losses.
In addition, the total length of the CGE measures required for every planning
variant is indicated in the table. According to variant ranking, the planning variant
combining OHLs and DPC represents the most economical planning variant to
prevent grid congestion and ensure the (n-1) criterion. Furthermore, this planning
variant enables a significant reduction of the required CGE measures compared
to only CGE application.

The application of UGCs is still many times more expensive than the application
of OHLs. In combination with BSS and DPC, the total costs of the grid expansion
with UGCs can be significantly reduced but it is still more expensive than grid
expansion with OHLs.

Additionally, it can be deduced from the results of the planning algorithm that the
application of BSS alone in the grid planning of the considered HV grid represents
the less economic planning variant. The use of BSS as the only planning tool to
prevent all prognosticated congestion and fulfil the (n-1) criterion is technically
feasible and enables the entire avoidance of CGE measures. However, this
variant requires high storage capacities to store the RES surplus and also leads
to the highest grid losses. This application is, therefore, economically inefficient.
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When combining the BSS with the use of DPC, the total costs and the grid losses
can be reduced significantly. This planning variant is more able to compete with
other planning variants, such as the one with UGCs and DPC, than the variant
based only on BSS.

The use of OHLs is still generally more economical than the use of BSS or UGCs.
However, the application of OHLs in the grid planning can encounter low
acceptance within society in some regions in Germany. This can slow the
authorization process for OHL application and, hence, slow the integration of more
RES into the grid. In that case, the planning variant combining BSS, UGCs and
DPC could be a turnaround solution for the expansion of the power grid at
relatively acceptable costs and could, thus, enhance the integration of renewables
into the grid. Furthermore, this variant could enable a reduction in the required
CGE measures compared with only a CGE application.

Table 5-23 Ranking of the planning variants based on the resulting costs and the CGE length

Planning Expansion Costs of Total Final Length of CGE
Variant Variant Costs Energy Losses Costs Measures / km
/ EUR Million / EUR Million / EUR Million

OHL and DPC 68 8.1 76.1 74.3

OHL 97.2 5.2 102.4 118.4
UGC, BSS and DPC 222.6 7.2 229.8 106.6
BSS and DPC 226.6 13.4 240 0

UGC and DPC 237.4 6.4 243.8 134.5
uGC 413.5 55 419 263.5
BSS 1520.1 17.6 1537.7 0

In order to evaluate the necessary computing effort of the optimization for each
planning variant, the computing time, the internal memory of the computer (RAM)
used, and the variables and constraints of the MILP optimization were determined.
Table 5-24 summarizes the results of these parameters. The indicated memory
of the RAM used in the table is calculated in percent in relation to the total
available RAM memory of 78 GB after the termination of the optimization. It should
be noted that for the sake of simplification of the optimization problem and
reduction of the computing time, the following simplifications were adopted:

¢ Inthe case of the planning variants without application of BSS, only days which
show an overload or a violation of the (n-1) criterion over at least 15 minutes
of the day have been considered in the optimization.

e In the case of variants with BSS application, all the days which show an
overload or a violation of the (n-1) criterion over at least 15 minutes of the day
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have been considered in the optimization. In addition, some following days
were also considered in order to enable the discharging of the BSS into the
grid on these days in consideration of the grid restrictions.

e In the case of the variant with only BSS application and the variant with BSS
and DPC application, six relevant nodes in the grid were selected initially and
implemented into the planning algorithm as potential nodes for the placement
of the BSS.

¢ In the case of the variant with BSS, DPC and UGCs, only two nodes were
selected initially as potential nodes for the placement of BSS. These two nodes
were chosen based on the planning results for the variant BSS and DPC,
where six nodes were initially selected for the placement of BSS, but only two
of them were chosen from the optimization as appropriate for the placement
of BSS. Furthermore, the curtailable PV and wind plants were restricted to
relevant plants. These simplifications were made for the variant based on BSS,
DPC and UGCs in order to reduce the number of optimization variables.

e In order to evaluate the computing effort, documented in Table 5-24, the
subordinate optimization function (39), described in 5.1.9, was neglected here
because its main contribution is to discharge the storages when no grid
congestion is prognosticated in order to use the free capacity for market-based
applications. This function has no influence on the resulting costs and the
nodes chosen for the placement of BSS.

Table 5-24 Evaluation of the computing effort of the MILP optimization

Planning Variant Computing Variables Constraints  Memory / %
Time / min

OHL 2.4 min 32 13 4.2
OHL and DPC 370.6 min 473586 473692 54
UGC 2.6 min 55 22 4.2
UGC and DPC 534.1 473611 473703 51
BSS 61 min 145193 1403147 4

BSS and DPC 61 min 615293 1843420 4.9
Cable, BSS and DPC 2150 min 248157 225337 4.9

It can be deduced from the analysis of the computing effort that the planning
variants based on only OHLs or UGCs require less computing effort since they
are using only a few optimization variables of type binary that are restricted to O
or 1. The planning variants using BSS or BSS and DPC are based on a lot more
optimization variables of type continuous. The solver, therefore, requires more
computing time to solve the optimization problem. When combining continuous
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with binary optimization variables, the complexity of the problem increases and
the solver requires even more computing time to solve the integrality restrictions
of the MILP problem using the branch and bound approach described in
chapter 4.1.2. This is the case for the planning variant combining UGCs, BSS and
DPC. It should be noted that the number of variables and constraints of this
planning variant is reduced in comparison to the planning variant using BSS and
DPC due to the simplifications described above.

5.2 Application of the Grid Planning Algorithm on a MV Grid

The linearized LFC of the modelled MV grid, as described in 3.2.4, delivered the
voltage magnitudes and angles as well as the power flow in the grid. Figure 5-7
shows the voltage magnitude at 6 out of 132 nodes of the considered MV grid, in
the form of box plots. The node number 2 represents the node where the wind
plants are connected. The high value of the power injection from the wind plants
led to high-voltage magnitude values on that node, which exceeded at certain
points the +5 % voltage transgression limits, illustrated by the dotted red lines in
the figure. The LFC of the MV grid also revealed that some lines of the grid were
overloaded due to the high feed-in of RES before grid expansion. Figure 5-8
illustrates the loading of 4 out of 131 lines in relation to their current-carrying
capacities, in the form of boxplots. These lines show an overload at certain time
points of the simulated year. The boxplots indicate the loading values on every
power line for 25, 50 and 75 % of the total calculated loading states as well as the
minimum and maximum reached loading values. The dotted red line represents
the current-carrying capacity of the lines.
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which are connected to the of the MV grid

overloaded lines of the MV grid

It can be deduced from Figure 5-7 and 5-8 that the scenario 2030 would lead to
some congestions in the considered MV grid if no grid expansion measures are
applied. The congestion, although infrequent during the year, could endanger the
energy supply security. In what follows, the planning algorithm, as described in
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chapter 4, was applied to prevent these grid congestions by the use of
conventional and innovative grid expansion instruments. The conventional
expansion instruments considered here are UGCs, and the innovative expansion
instruments are the BSS and the DPC. These measures were used in the planning
algorithm separately and combined in order to compare the resulting expansion
measures and the total costs incurred for each planning variant. Thereby, the
energy losses were neglected for the grid planning of MV grids and the specific
costs indicated in chapter 4 have been adopted for the calculation of the total
costs.

5.2.1 Planning Results in the Case of UGC Application

The following considered planning variant consists of the CGE based on UGCs.
This planning variant is implemented in the planning algorithm such that it can
prevent power line overloads and contribute to the voltage magnitude reduction
on the grid nodes, but cannot totally ensure the prevention of eventual voltage
transgression on grid nodes. As described in 3.2.4.2 and 4.3.2, the matrix (4)
representing the inverse of the Jacobean matrix and the column vector (C) were
assumed to be constant in the linearized LFC. This means that the variation of the
voltage magnitude and angle in the optimization problem according to (25) can
only be done through the variation of the injection power (p) and (§). Therefore,
the planning variant based only on CGE with UGCs cannot on its own satisfy the
implemented constraints (85) that limit the voltage boost on the grid nodes to -
-1.5 % and +5 % of the nominal voltage. To evaluate the planning variant with
only UGCs, the voltage constraints (85) were omitted and only constraints
regarding the current-carrying capacity of the lines were considered. Table 5-25
shows the original length of each overloaded line before grid expansion and the
resulting CGE measures from the planning algorithm to prevent the line overloads.

Table 5-25 Results of the planning variant with UGC

Line Length / km CGE Variant
Line 1 13.8 3
Line 2 0.253 2
Line 3 0.498 2
Line 4 0.456 2

According to the planning results, the lines 2, 3 and 4, which each originally had
a current-carrying capacity of 175 A, should each now be replaced by a cable with
a current-carrying capacity of 361 A (variant 2 of the CGE). Furthermore, the
537 A cable of line 1, which connects the wind plant to the 20 kV substation
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busbar, should be replaced by two parallel cables each of 361 A, thus, allowing a
combined current-carrying capacity of 722 A (variant 3 of the CGE). The total
length of the required CGE measures amounts to about 28.8 km.

The total costs of these CGE measures over the considered economic life of
40 years are estimated at about EUR 4.1 million. Table 5-26 shows the cost
allocation between investment in UGCs and feeder panels as well as ongoing
operating costs.

Table 5-26 Resulting costs of the planning variant with UGC

Total Costs Investment in Investment in Operating Costs / %
/ EUR Million UGC /% Feeder Panels / %
4.1 78.5 2.2 19.3

Based on the CGE with UGCs, the original lines of the MV grid are replaced by
standard cables with higher current-carrying capacity. Figure 5-9 and 5-10 show
the injected power from the wind plant and the resulting current flow through the
line 1, respectively, connected to the power plants, before CGE (blue traces) and
after CGE (dotted green traces). As illustrated by the figures, the line connecting
the wind plants to the grid with a current-carrying capacity of 537 A was replaced
with two parallel standard cables by the planning algorithm, enabling a total
current-carrying capacity of 722 A. The dotted red line in Figure 5-10 represents
the thermal current-carrying capacity of the original line, and the dotted purple line
illustrates the current-carrying capacity of 722 A of the new parallel cables in the
case of CGE.
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Figure 5-9 Injected power of the wind plants
initially (blue) and after CGE
(green)

Figure 5-10 Current flow through the line 1
originally (blue) and after CGE
(green)

5.2.2 Planning Results in the Case of BSS Application

When choosing BSS as the only possible grid expansion instrument, the results
of the planning algorithm show that two BSS are required to prevent the
prognosticated grid congestion with 12.2 MWh total capacity and 4.5 MW total
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rated power. Table 5-27 shows the location and dimensioning of the BSS. By
means of this planning variant, new CGE measures can be completely avoided.

Table 5-27 Results of the planning variant with BSS

BSS Placement BSS Capacity / MWh BSS Rated Power / MW
Node 2 6.3 2.7
Node 6 5.9 1.8

The costs of this planning variant amount to EUR 6.6 million. AlImost 90 % of these
costs accrue at the initial investment. The remaining 10 % are due to the ongoing
operating costs of the BSS and the replacement investments in battery cells and
converters at the end of their service life.

Table 5-28 Resulting costs of the BSS planning variant

Total Costs BSS Initial BSS Replacement BSS Operating
/ EUR Million Investment / % Investment / % Costs / %
6.6 90 4.6 5.4

The placement of a BSS on the connection node of the wind plants (Node 2) is
part of the resulting expansion measures. In addition to the dimensioning and
costs, the planning algorithm also delivers the power scheduling of the BSS over
the simulated year. As demonstrated in Figure 5-11 for two exemplary days of the
simulated year, the BSS would charge the surplus power at times of high feed-in
wind power and discharge it later when the power injection decreases (green line).
If the BSS is not applied, the totality of the wind power would be injected into the
grid (blue line) causing grid congestion. Figure 5-12 shows the charging and
discharging power of the BSS (blue line) and the stored energy (orange line).
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Figure 5-11 Injection power of the wind Figure 5-12 Charging and discharging power
application of the BSS (green) of the BSS

In order to prevent grid congestion, the planning algorithm calculates the exact
amount of power that should be charged by the BSS at every time step, depending
on the prognosticated injection power. The prognosticated injection power is given
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as input to the planning algorithm in the form of time series for every node and
represents the time series calculated in this work, as described in 3.2.2. Figure
5-13 shows the compliance of the resulting voltage magnitude values (green line)
on the connection node of the wind plants with the permitted voltage limit (dotted
red line) due to the charging of the surplus power. The blue line in the figure shows
the transgression of the voltage magnitude limit if no grid expansion is realized.
Since the voltage constraints, in this particular case, are more conservative than
the load flow constraints, the amount of power charged in the BSS to fulfill the
maximum permitted voltage magnitude is higher than the necessary power
amount to satisfy the thermal current-carrying capacity of the line that connects
the wind plants to the grid. As shown in Figure 5-14, the current flow values (green
line) of the line is clearly below its current-carrying capacity (dotted red line). Once
no grid congestion is prognosticated, the BSS discharges the power into the grid
taking into account the voltage and current constraints.
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Figure 5-13 Voltage magnitude on node 2, Figure 5-14 Current flow through the line 1
originally (blue) and by BSS before (blue) and after BSS
application (green) application (green)

5.2.3 Planning Results in the Case of DPC Application

When using the DPC as the only planning instrument, an amount of about
47 MWh must be curtailed from the RES feed-in energy in order to prevent the
prognosticated grid congestion during the simulation year. As shown in Table
5-29, this corresponds to about 0.069 % of the total prognosticated RES energy
in a year. Consequently, the dynamic curtailment variant is sufficient to prevent all
prognosticated congestion for the considered MV grid.

Table 5-29 Results of the planning variant with DPC

Plants Total Prognosticated Curtailed Energy
Energy / GWh/a / MWh/a
PV 38.9 30.1

Wind 20.1 16.8
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For the calculation of the DPC costs, the yearly amount of curtailed energy in the
simulation year and the specific costs of the DPC were assumed to be constant
over the economic life of 40 years. As shown is Table 5-30, the total costs of this
planning variant are estimated at around EUR 0.054 million. The DPC variant is,
consequently, more economical than the CGE or BSS variant.

Table 5-30 Resulting costs of the DPC variant

Total Costs / EUR Million

0.054

In addition to the costs, the planning algorithm delivers the power scheduling of
the RES over the simulated year taking into account the DPC applied. Figure 5-15
shows the feed-in power of the wind plants originally (blue line) and after
application of the DPC (green line), based on the same conditions and exemplary
days as in Figure 5-11.
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Figure 5-15 Injection power of the wind plants originally (blue) and after application of the DPC
(green)

As illustrated by Figure 5-16 and 5-17, the wind power peak was reduced by the
application of the DPC so that the prognosticated voltage and current congestion
(blue lines) could be prevented (green lines). The use of the DPC follows almost

the same principle as the application of the BSS, with the difference, however,
that the surplus power curtailed is definitely unexploited.
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Figure 5-16 Voltage magnitude on node 2 Figure 5-17 Current flow through the line 1
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5.2.4 Planning Results in the Case of UGC and BSS Application

In a further step, the planning algorithm was applied choosing a combination of
BSS and UGCs for the grid planning. According to the results of the planning
algorithm, the use of the BSS allowed the fulfilment of the current constraints on
line 1 and the voltage constraints on node 2. As presented in Table 5-31 and 5-32,
line 1 was not replaced by new cables. Instead, one BSS with a capacity of
6.3 MWh and a rated power of 2.7 MW was applied to node 2, connecting the
wind plant to the grid. On the other hand, the lines 2, 3 and 4 were each replaced
by a cable with a current-carrying capacity of 361 A. The total length of the
required CGE measures was, thus, reduced to about 4.2 % compared to the
planning variant with only CGE.

Table 5-31 Results of the BSS dimensioning for the planning variant combining BSS and UGC

BSS Placement BSS Capacity / MWh BSS Rated Power / MW

Node 2 6.3 2.7

Table 5-32 Results of the cable dimensioning for the planning variant combining BSS and UGC

Line Length / km CGE Variant
Line 2 0.253 2
Line 3 0.498 2
Line 4 0.456 2

The total costs of this variant are estimated at around EUR 3.65 million.
Table 5-33 shows the cost allocation between BSS and UGCs. Consequently, the
planning variant combining BSS and UGC is by 11 % more economical than the
planning variant based only on UGCs and by 44.7 % more economical than the
planning variant based only on BSS.
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Table 5-33 Resulting costs of the grid expansion based on BSS and UGC

Total Costs / EUR Million 3.65
BSS investment / % 84.4
BSS replacement investment / % 4.6
BSS operating costs / % 5

UGC investment / % 4.8
Feeder panel investment / % 0

UGC operating costs / % 1.2

5.2.5 Summary of the Grid Planning Results in the MV Grid

Table 5-34 ranks the considered planning variants of the MV grid in descending
order based on the total costs of the variants. In addition, the total length of the
required CGE measures for every planning variant is indicated in the table. It can
be deduced from the evaluation of the results that the DPC is the most economical
variant for the planning of the considered MV grid. Since the prognosticated
congestion in the grid is infrequent, the targeted curtailment of PV and wind power
peaks would be sufficient to prevent this congestion without the application of
CGE measures and without even using the totality of the 3 % curtailment limit for
each plant. However, the disadvantage of this variant is that curtailed power is
definitely wasted.

The second most economical planning variant according to the planning algorithm
is the combination of UGCs with BSS. The power line expansion was applied on
three lines of the grid in order to prevent their overload and the BSS was applied
on the connection node of the wind plants to the grid, in order to prevent voltage
transgression on the connection node and the overload of the connecting line.
The combination of BSS with UGCs in the grid planning proved to be more
economical than using UGCs or BSS separately. Furthermore, this variant
enables a significant reduction of the required CGE measures.

The use of BSS as the only grid expansion instrument has shown to be the most
expensive solution and not economically reasonable in particular to prevent very
high prognosticated line overloads as is the case for lines 2, 3 and 4 of the
considered MV grid. Nevertheless, the application of the BSS can be reasonable
for preventing voltage congestion and moderate overloads as is the case for
node 2 and line 1 which connect the wind plants to the grid.
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Table 5-34 Ranking of the planning variants based on the total resulting costs

Planning Variant Total Costs / EUR Million Length of CGE Measures / km
DPC 0.054 0

UGC and BSS 3.65 1.2

UGC 4.1 28.8

BSS 6.6 0

Figure 5-18 presents the loading on lines 1, 2, 3 and 4 after the application of BSS
in the form of boxplots. These power lines originally showed an overload at certain
points of the simulated year. As demonstrated by the figure, the optimized
application of BSS enables the operation of the lines in consideration of their
current-carrying capacity at each point in time of the simulated year with 15
minutes time resolution. The application of CGE, however, generally leads to an
over-dimensioning of the grid, as shown in Figure 5-19. This enables a certain
reserve that can be used to integrate more RES or in case of deviating prognoses.
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In order to evaluate the computing effort of the optimization that is needed for
each planning variant, the computing time, the internal memory of the computer
used (RAM), as well as the variables and constraints of the MILP optimization
were determined. Table 5-35 summarizes the results of these parameters. The
indicated memory of the RAM used in the table is calculated in percent in relation
to the total available RAM memory of about 78 GB after the termination of the
optimization. It should be noted that for the sake of simplification of the
optimization problem and reduction of the required computing time, the following
simplifications were adopted:

¢ All the days which show a line overload or a violation of the voltage limits over
at least 15 minutes of the day were considered in the optimization for all the
considered variants. In addition, the day following each determined day with
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overloads was also considered in order to enable the discharging of the BSS
into the grid on these days considering the grid restrictions.

e For all variants where BSS are applied, five relevant nodes in the grid were
selected initially and implemented in the planning algorithm as potential nodes
for the placement of the BSS.

e The curtailable PV and wind plants were restricted to relevant plants near the
grid congestion.

Table 5-35 Evaluation of the computing effort of the MILP optimization

Planning Computing Variables Constraints Memory / %
Variant Time / min

UGC 0.328 36893 36876 4.9 %
DPC 1.12 137385 228977 51%
BSS 6.45 213718 244229 51%
UGC and BSS 20.6 213738 203536 4.8 %

Analogously to the results of the HV grid, the higher the number of variables and
constraints in the optimization, the higher the computing effort required. In addition
to the number of variables and constraints, the type of the optimization variables
also has an influence on the required computing effort. The optimization of the
planning variant with only UGCs is based on a few binary optimization variables
that can only have the value 0 or 1. This reduces the computing effort required to
solve the MILP problem using the branch and bound approach, as described in
chapter 4.1.2. It should be noted that this planning variant also comprises
continuous variables, which reproduce the voltage magnitude and angles of the
grid nodes. Therefore, the number of variables for this planning variant is high
compared with the equivalent planning variant applied in the HV grid.

The planning variants using DPC or BSS require a lot more optimization variables
of type continuous than the CGE variant. Consequently, the solving of the MILP
problem requires more computing effort for these planning variants. The planning
variant using UGC and BSS comprises binary and continuous optimization
variables. This leads to more required optimization variables and, at the same
time, increases the complexity of the optimization problem.
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6 Development of a Multiuse Concept for the BSS

The power flow value through a line can be extremely variable depending, inter
alia, on the fluctuating feed-in power of RES into the grid and the grid state
meaning (n-0) or (n-1) state. Based on the 2030 RES expansion scenario, the grid
congestion was determined in the considered HV grid on 33 % of the days of the
simulated year. This means that the modelled BSS would stay unused in two-
thirds of the simulated year if only a grid-supporting use is envisaged. In order to
reduce the total costs of the grid planning when using BSS, a multiuse concept of
the BSS was followed. Within this concept, the BSS dimensioned according to
chapter 5, would participate in the EPEX Day-Ahead market to trade electricity at
times when they are not required for grid-supporting purposes. Due to the
unbundling requirements, the market-based application is, in this case, only
possible if performed from a third party other than the grid operator. The concept
adopted for multiuse BSS and the gains resulting from this concept are presented
in what follows.

6.1 Concept Adopted for Multiuse BSS

In order to determine the maximal possible profits from the electricity trade, a
linear optimization was implemented to maximize the profits over the simulated
year. Thereby, the following assumptions were considered in the optimization:

e The operation of the BSS for the electricity trade must be steady in
accordance with the storage dimensioning resulting from the planning
algorithm

e The overriding objective of the BSS application is the prevention of grid
congestion. Therefore, the capacity and rated power amounts required for
the grid-supporting application must be set aside at the time of
prognosticated overloads and not used for the electricity trade.

¢ Only the exact storage capacity and power amounts required to prevent
prognosticated grid congestion were set aside. This implies a perfect
prognosis of the grid congestion and, hence, of the consumption and feed-
in power in the grid.

e The electricity trade within the electricity market must conform with the grid
restrictions and the (n-1) criterion in the case of HV grids.

e The optimization of the profit from the EPEX Day-Ahead market is based in
this work on a perfect market prognosis such that the BSS operator has a
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perfect prognosis of the electricity prices on the delivery day and can
optimally decide about the bids to submit on the day before. This also
implies that the submitted bids are always accepted.

e The electricity prices used in the profit optimization represent the real
resulting market clearing prices in the EPEX Day-Ahead market in 2018.

In this work, perfect prognoses of the grid congestion and the market behavior
were assumed for the grid planning and the estimation of the profits from the
electricity market. However, an appropriate security margin must be applied for
the real operation of BSS in the grid or the electricity market, in order to consider
forecast uncertainties. Hereafter, the implemented linear optimization to maximize
the profits from the electricity market is described in detail.

The main objective for using the BSS is to prevent grid congestion. At times when
they are not required for grid-supporting purposes, the BSS can be applied to
participate in the spot market in order to make profits. When the electricity price
is low, the energy is bought and stored, and when the price increases, the stored
energy in the BSS is sold. The operation of the BSS in the EPEX Day-Ahead
market was optimized in this research work such that the profits from the electricity
trade are maximized and eventual grid congestion due to this operation is
prevented. The yearly profits Gaing,,. , are calculated depending on the revenues
and expenses arising at every hour of the year.

NpBss Nsteps,h

max{Gainspot,a} = min Z z Kirade,st T Ktaxst + Kree,st (89)

s=1 t=0

Gaing,,., Yearly profits from the participation of the BSS in the Day-Ahead
Market in EUR /a (optimization variable)

Kiragese EXpenses or revenues of the BSS s occurring from the electricity
trade at time step t in EUR (optimization variable)

Kiax st Tax expenses occurring by charging the electricity from the grid
into the BSS s at time step t in EUR (optimization variable)

Kreest Stock market fees occurring at time step t due to the participation
of the BSS s in the Day-Ahead market in EUR (optimization
variable)

The optimization variable Ki..q.s: IS calculated subject to the charging or
discharging power P, ket s¢ Of the BSS and the electricity price Pricepg ke at
every hour t of the year. By charging the electrical power from the grid, the BSS
power is positive according to the passive sign convention. By discharging into
the grid, the BSS power is negative. If the BSS is charging power from the grid for
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a specific hour of the day and the electricity price is positive, it means that the
electricity is being bought and charged into the BSS. For this specific hour t,
Kirager 1S, thus, positive and represents the expenses for buying the electricity on
the Spot market. If the BSS is discharging power into the grid and the electricity
price is positive, it means that the electricity is being sold. K, 44, ¢ IS, thus, negative
and represents the revenues from selling the electricity on the Spot market. The
electricity price on the spot market can be either positive or negative in response
to prevailing supply and demand. In all cases, if K;,.4q4., iS Negative for a specific
hour t, it represents a revenue. If it is positive, it represents an expense.

Ktrade,s,t = Pmarket,s,t *Atmarket - Prlcemarket,t (90)

Vs ESVtETyearn

Prarket st Charging or discharging power of the BSS s for the electricity
trade at time step t in MW (optimization variable)

At arket Time step of the transactions which equals 1 hour on the Day-
Ahead market in h

Pricenarkere The electricity price on the EPEX Spot market at time step ¢ in
EUR/MWh

The BSS power P, gkets: depends on the charging power P kercse and the
discharging power Pp,q,ket.as¢ ON the grid side:

Pmarket,s,t = Pmarket,c,s,t - Pmarket,d,s,t (91)

Vs ESVtETyearn

Pharketcse Charging power of the BSS s for the electricity trade at time step t
in MW

Pharketase Discharging power of the BSS s for the electricity trade at time step
tin MW

The following constraint was implemented in order to ensure that the BSS is not
charging and discharging simultaneously:

min{Pmarket,c,s,tr Pmarket,d,s,t} =0 (92)
Vse€ S,V te Tyear,h'Pmarket,c,s,t = O' Pmarket,d,s,t =0

The tax expenses K., accrue when charging energy from the grid, since it
behaves in this case as a connected load into the grid. The tax expenses were
calculated in the optimization as follows:

Ktax,t = Pmarket,c,s,t *Atmarket " TXpart (93)
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Taxgq::  Specific tax costs by charging the BSS from the grid in EUR/MWh

The transaction fees represent the charges levied for the realization of
transactions and registration of contracts through the market platform. They were
considered in the linear optimization as follows:

Kfee,t = |Pmarket,s,t| * Atmarket - Feerransaction (94)

Feerransaction Specific levied fees for the use of the market platform in
EUR/MWh

The stored energy amount E,, 4, k.t s due to the electricity trade was calculated

depending on the charging and discharging power and on the charge and
discharge efficiency factor of the BSS:

Pmarketdst
yAHy9, )'At

Emarket,s,t = (Pmarket,c,s,t *Npss — step + Emarket,s,t—l (95)

NBss

VSESVtETyearn

Enarketst Resulting energy amount from the electricity trade in the BSS s at
time step t in MWh

Additionally, further linear constraints were implemented in the optimization in
order to set aside the power amount required for the management of the grid
congestion at the time of prognosticated overloads and separate it from the power
amount applied for the electricity trade. The sum of both absolute values must be
less or equal to the rated power of the BSS.

0< |Pmarket,s,t| + |Ps,t| < Pmax,s (96)
VsE S,V t € Tyear,h

The same applies to the respective energy amounts at every time step.
0< Emarket,s,t + Es,t < Emax,s (97)

VsE S,Vt € Tyear,h

Managing the prognosticated congestion in the grid is the prime purpose of the
BSS application. Therefore, the electricity trade also has to be carried out
considering the restrictions of the grid and the (n-1) criterion in the case of HV
grids. For this purpose, further linear constraints were implemented in the
optimization to constrain the power (Pyq,ket,s¢) Of the BSS for electricity trade, as
illustrated by (98) for the HV grid. Hereby, the storage power for the congestion
management (Ps.) and the curtailed power amount (APggs) are considered as
known values and no longer as optimization variables, since they have already
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been calculated in the BSS scheduling optimization for grid congestion
management, as described in chapter 4.

{ (NACLODF) [ NT - (Py,0) + (Pg,) + (AP ) + (Puarkets,e)) < Smaxi 98)

(NACLODF)(a) [l, N] . ((PN,t) + (PS,t) + (APRES,t) + (PMarket,S,t)) = _Smax,l
VI E L)va E Alv t E Tyear,h

Battery systems should only reach a limited full cycle number N, by charging
and discharging the electrical energy. Therefore, the number of full cycles due to
the grid-supporting and market-based operations of the BSS in the optimization
was constrained to the maximum number of cycles N, of the BSS.

Nsteps h

Z (Emarkets t + Es t) S—

cycle (99)

N Es,max
life,batt

VseS
Neyee  Maximum full cycle number of the BSS

The profit made over the simulated year was assumed to be constant yearly over
the economic life of 40 years. The yearly profits were then discounted over the
economic life in consideration of the adopted interest rate to the present value of
the total gains Gain,,; at the initial investment year.

(1 + r)Nyears — 1
. (1 + T)Nyears

Gainge = Gaingyy ,° 1076 (100)
Gaing,;  Total profits from the participation of the BSS in the Day-Ahead
Market over the economic life of 40 years in EUR million

Table 6-1 presents the specific costs and input data adopted for the calculation of
the yearly profits Gaing,,.,from the EPEX Spot market, as described above.

Thereby, the adopted specific tax cost Taxg,; Was estimated in this work based
on the electricity taxes levied in Germany in 2018, from which BSS are not
exempt. The levied taxes include the concession tax, the tax for offshore wind
energy, the tax for interruptible loads and the tax according to paragraph 19 of the
regulation ordinance [78].
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Table 6-1 Input data adopted for the calculation of the profits from the EPEX Spot market

Input Data Value
Specific tax costs 2.2 EUR/MWh
Specific transaction fees in the EPEX Spot market 0.0075 EUR/MWh [85]
Electricity price in the EPEX Spot market Historic data of the year
2018 [82]
Charge/discharge cycles 5000 [86]

6.2 Resulting Gains from the Multiuse BSS

The participation of the BSS in the Day-Ahead trade of the EPEX Spot market
concerns only the planning variants in which BSS are applied. This market-based
application of the BSS involves outgoing costs for the purchase of the electricity
as well as for the taxes and charges levied. On the other hand, selling the stored
electricity of the BSS leads to revenues. The application of the linear optimization,
as described in 6.1, maximizes the total profit from the electricity trade over the
considered year. Thereby, the grid-supporting application of the BSS takes
precedence over the market-based application. The results of the BSS application
for electricity trade in the HV and MV grids are presented in what follows.

6.2.1 Resulting Gains from the Multiuse BSS in the HV Grid

In order to compare the total costs of the planning variants using BSS with the total
gains from the electricity trade, the yearly optimized market costs and revenues
were discounted regarding the interest rate adopted over the economic life to the
total present values at the initial investment year. Table 6-2 presents the total
electricity purchase costs, the total charges and taxes levied, and the total
revenues from the electricity trading over the economic life of 40 years, depending
on the planning variant considered. In addition, the table shows the reduction of
the total costs presented in 5.1 based on the profits from the electricity market
calculated in percent.
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Table 6-2 Results of the electricity trade using BSS in the HV grid

BSS BSS and BSS, UGG

DPC and DPC
Purchase costs / EUR Million 155.8 22.8 2.3
Charges and taxes / EUR Million 115 1.8 0.2
Revenues / EUR Million 251.7 41.9 5.3
Total profits / EUR Million 84.4 17.3 2.8
Reduced amount of the total costs / % S5 7.6 1.2

Figure 6-1 and 6-2 show the storage energy and power of a BSS by grid-
supporting and market-based applications, respectively, over one exemplary day
of the simulated year. The BSS with 71 MWh capacity and 24.3 MW rated power
is one of the two BSS resulting from the planning algorithm when planning the
grid using BSS and DPC, as described in 5.1.6. The red dotted lines in the figures
represent the capacity and the rated power, respectively, of the considered BSS.
The green lines in both figures illustrate the optimized scheduling of the storage
energy and power for the grid-supporting application, respectively. This optimized
grid-supporting scheduling was calculated by the planning algorithm in order to
prevent the prognosticated grid congestion. The blue lines in the figures represent
the optimized scheduling of the storage energy and power for the market-based
application, respectively, in order to make profits from the electricity trade, as
described in 6.1. The dotted purple line depicts the hourly market price on the
Day-Ahead market in EUR/MWh. At times when the market price is low or
negative, the electricity is bought and the BSS is charged. The bought energy is
then stored until the price rises. Only then is the stored energy sold and the BSS
discharged. Historical data of the market prices were used as perfect
prognosticated market prices for the optimization of the profit from the electricity
trade.
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Figure 6-1 Storage energy scheduling for Figure 6-2 Storage power scheduling for grid-
grid-supporting (green line) and supporting (green line) and
market-based (blue line) market-based (blue line)
applications over one exemplary applications over one exemplary
day day

6.2.2 Resulting Gains from the Multiuse BSS in the MV Grid

Analogously to the multiuse concept of BSS in the HV grid, the profits from the
electricity trade using BSS in the MV were optimized over the considered year.
Assuming the same yearly market costs and revenues over the economic life of
40 years, the yearly market costs, revenues, and profits were discounted
regarding the adopted interest rate to the corresponding total present values at the
initial investment year. Table 6-3 shows the results of the electricity trade for every
planning variant using BSS.

Table 6-3 Results of the electricity trade using BSS on the Spot market

BSS BSS and UGC
Purchase costs / EUR Million 1.13 0.58
Charges and taxes / EUR Million 0.09 0.05
Revenues / EUR Million 2.05 1.08
Total profits / EUR Million 0.83 0.45
Reduced amount of the total costs / % 12.6 12.3

It can be deduced from Table 6-3 that the planning variant using only BSS is still
the most expensive variant for the expansion of the MV grid. Despite the profits
made from the electricity trade, the resulting reduced total costs of this variant still
exceed the total costs of the other planning variants. However, the planning variant
combining BSS and UGC is more profitable for the considered MV grid than the
application of the BSS or UGC separately. The most profitable planning variant for
the considered MV grid is still the DPC, even though the electricity trade is not
applicable for this variant.
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Figure 6-3 and 6-4 show the storage energy and power of a BSS, respectively, by
grid-supporting and market-based applications, over two exemplary days of the
simulated year. The BSS with 5.9 MWh capacity and 1.8 MW rated power is one
of the BSS resulting from the planning algorithm when planning the grid using only

BSS.
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Figure 6-3 Storage energy scheduling for
grid-supporting (green line) and
market-based (blue line)
applications over two exemplary
days
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Figure 6-4 Storage power scheduling for grid-
supporting (green line) and
market-based (blue line)
applications over two exemplary
days
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7  Sensitivity Analysis

The grid expansion using CGE, BSS and DPC, to manage prognosticated grid
congestion raises costs over the considered economic life. Within the scope of a
sensitivity analysis, the values of different input parameters were varied in order
to examine the influence of these parameters on the total costs. Thereby, only
one input parameter was varied concurrently. For the rest of the input parameters,
the values of the reference scenario, described in chapters 3, 4 and 5, were
adopted. The considered output variable represents the total costs for the grid
expansion of an HV grid using OHLs, BSS and DPC. The total costs were
calculated as an output parameter according to the approach described in 4.2 for
an economic life of 40 years. The grid adopted for the sensitivity analysis is,
hereby, the same HV grid considered for the evaluation of the planning algorithm
in 5.1, whereas only one planning variant was considered here which is the
combined application of OHLs, BSS and DPC. For the sake of simplicity, the CGE
based on UGCs was not considered in this sensitivity analysis.

7.1 Parameters Considered in the Sensitivity Analysis

The calculation of the total costs as an output parameter is based on different
input parameters, including the specific costs of the technologies used and the
network conditions. The specific costs of the technologies used are, inter alia, the
initial investment costs for OHLs and BSS, replacement investments for battery
cells and converters, operating costs of the power lines and BSS, and DPC costs.
However, the network conditions represent the characteristics of the network,
which could be the length of the overloaded lines, the installed PV power or the
installed wind power.

Hereafter, the parameters that have been varied within the sensitivity analysis and
whose influence on the total costs have been analyzed are listed:

e The length of the OHL

e The installed power of PV

e The installed power of wind plants
e Investment costs of OHL

e Investment costs of BSS

e Specific costs of the DPC
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The Length of the Power Lines

The length of the power lines represents a characteristic of the grid topology. In
order to analyze the influence of the line lengths on the planning results, the
planning algorithm described in 4.2 was run for different line lengths. The variation
of the line lengths was realized by multiplication of the original lengths by a factor
Fiengen- Table 7-1 shows the factors adopted for the variation of the lines’ length
by the calculation of the total costs. The scenario in which the multiplication factor
is equal to 1 represents the reference scenario with the original line lengths
described in Table 5-2.

Table 7-1 Factors adopted for the variation of the power lines’ length

Flengtn 0.25 0.5 1 1.5 2

The Installed PV Power

The PV power installed in the grid has a direct impact on the prognosticated grid
congestion and, hence, on the results of the planning algorithm. In order to
analyze the impact of different expansion scenarios of PV on the planning results,
the installed PV power was multiplied by a different factor Fp, for each expansion
scenario. Table 7-2 presents the factors adopted for the variation of the PV power
installed in the grid. Factor 1 corresponds, hereby, to the PV expansion scenario
of 2030 described in Table 3-1.

Table 7-2 Factors adopted for the variation of the PV power installed in the grid

Fpy 0.25 0.5 1 1.5 2

The Installed Wind Power

Analogously, the wind power installed in the grid was varied in the same manner
as that described for the installed PV power. Table 7-3 shows the factors adopted
for the variation of the wind power installed in the grid. Factor 1 also corresponds
here to the wind expansion scenario of 2030 described in Table 3-1.

Table 7-3 Factors adopted for the variation of the wind power installed in the grid

Fyind 0.25 0.5 1 15

Investment Costs of OHLSs

Overhead lines are nowadays the technology most commonly used for the
expansion of HV grids. The investment costs adopted in the planning algorithm
reflect the present costs on the market. In order to examine its impact on the
planning results and on the total costs, the adopted investment costs of new OHLs
and new feeder panels were multiplied by a factor F;; according to Table 7-4.
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Factor 1 corresponds, thereby, to the specific costs adopted for OHLs in the
reference scenario presented in Table 4-1.

Table 7-4 Factors adopted for the variation of the investment costs in OHL

Fep 0.25 0.5 1 1.5 2

Investment Costs of BSS

The BSS still represent a relatively new technology compared to OHLs. However,
intensive research is increasingly undertaken nowadays in the field of batteries
which can enable the reduction of their costs and the improvement of their
efficiency and service life. Within the sensitivity analysis, the initial investment
costs of the BSS were varied according to the multiplication factor Fzs in order to
examine their effect on the planning results and total costs. The adopted values
here are presented in Table 7-5. Factor 1 corresponds, thereby, to the specific
costs for BSS adopted in the reference scenario presented in Table 4-5.

Table 7-5 Factors adopted for the variation of the initial investment costs of BSS

Fpss 0.25 0.5 1 1.5 2

Specific Costs of DPC

The power curtailment of RES can be applied by grid operators in order to prevent
grid congestion in return for financial compensation. In order to examine the
impact of the DPC costs’ variation on the total costs, the adopted specific
compensation costs have been varied according to a multiplication factor Fp. as
shown in Table 7-6. The factor 1 corresponds thereby to the adopted specific
costs for DPC in the reference scenario as presented in Table 4-7.

Table 7-6 Adopted factors for the variation of the compensation costs for DPC

Fppc 0.25 05 1 1.5 2

7.2 Results of the Sensitivity Analysis for the HV Grid

In what follows, the results of the sensitivity analysis are described in detail and
compared for each parameter with the reference scenario. These results include
the optimized grid expansion measures required to prevent the prognosticated
grid congestion and the total costs occurring over the economic life of 40 years.
These results were provided by the planning algorithm which has been applied
for each considered scenario of the sensitivity analysis. The calculation of the load
flow within the implemented linear optimization is based on the simplified
assumption that the matrix (NACLODF) remains constant. In reality, the values of
the matrix can change depending on the expanded lines.
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Influence of the Length of Power Lines

The variation of the line lengths does not influence the occurring line loading but
influences the grid expansion costs. As shown in Table 7-7 and 7-8, the longer
the line lengths, the more expensive the application of OHLs for the grid
expansion. In the reference scenario where the line lengths have not been varied
(Fiengen = 1), the planning results from the planning algorithm show that four LSs
must be expanded according to variants 1 and 2 of the CGE. In the case where
the lines are one and a half times or twice as long as in the reference scenario,
the CGE with OHL was applied to only three LSs. Instead, more DPC energy and
two further BSS were used, because this combination, in these cases, is more
economical than only CGE with OHL. On the other hand, more OHL and less DPC
were applied in the case where the line lengths of the grid are shorter than in the
reference scenario, since the CGE with OHL becomes cheaper and more
profitable.

Table 7-7 Planning results for different line lengths

Fiengtn Line CGE Curtailed BSS BSS BSS
Segments Variant Energy Placement Capacity Power
/| GWh/a / MWh / MW
0.25 LS2, LS5 1 3.4 - 0 0
LS3, LS4, 2
LS6, LS7
0.5 LS2, LS5 1 3.4 - 0 0
LS3, LS4, 2
LS6, LS7
1 LS4, LS5 1 24.5 - 0 0
LS3, LS7 2
15 LS4 1 25.2 SS7, SS9 18 14.2
LS3, LS7 2
2 LS4 1 25.2 SS7, SS9 18 14.2
LS3, LS7 2
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Table 7-8 Results of the total costs for different line lengths

Fiengtn Total Costs CGE Costs / % BSS Costs / % DPC Costs / %
/ EUR Million
0.25 27.3 85.7 0 14.3
0.5 45.1 91.35 0 8.65
1 68 58.2 0 41.8
15 81.4 51.9 12.3 35.8
2 94.5 58.5 10.6 30.9

Influence of the Installed PV Power

The variation of the PV power installed in the grid influences the line loading and,
thus, the grid expansion measures required to prevent overloads. As shown in
Table 7-9 and 7-10, the higher the installed PV power is, the more line expansions
according to the variant 2 of the CGE are required. The CGE based on OHLs
would be, in this case, the most economical solution to apply in order to cope with
the higher feed-in power from PV. On the other hand, less PV power installed in
the grid would lead to less required CGE measures and DPC. In both cases, the
application of OHLs combined with DPC is more economical than the application
of only BSS.

Table 7-9 Planning results for different PV power values installed in the grid

Fpy Line CGE Curtailed BSS BSS BSS
Segments Variant Energy [ Placement Capacity Power
/ GWh/a / MWh I MW
0.25 LS4, LS7 1 4.4 - 0 0
LS3 2
0.5 LS4 1 8 - 0 0
LS3, LS7 2
1 LS4, LS5 1 24.5 = 0 0
LS3, LS7 2
15 LS2 1 1.9 - 0 0
LS3, LS4, LS5, 2
LS6, LS7
2 LS2 1 9.9 = 0 0
LS3, LS4, LS5, 2

LS6, LS7
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Table 7-10 Results of the total costs for different PV power values installed in the grid

Fpy Total Costs CGE Costs / % BSS Costs /% DPC Costs / %
/ EUR Million
0.25 31.8 84.1 0 15.9
0.5 38.4 75.8 0 24.2
1 68 58.2 0 41.8
1.5 87.3 97.5 0 2.5
2 96.6 88.1 0 11.9

Influence of the Installed Wind Power

The wind power installed in the grid has a great impact on the grid loading and
the expansion measures required. Table 7-11 and 7-12 show the required
expansion measures and the resulting total costs, respectively, for different wind
power values installed in the grid. Already from a factor of 1.5 times the power
installed in the reference scenario, all considered lines must be replaced by OHLs
with two bundled conductors in addition to the DPC application. On the other hand,
reducing the wind power installed in the grid by half leads to a significant relief of
the grid, so that all prognosticated overloads could be prevented through the
application only of DPC. The CGE with OHLs is no longer necessary in that case.
When reducing the wind power installed in the grid by one quarter, no line
congestion is then expected and the CGE is, thus, no longer necessary.

Table 7-11 Planning results for different wind power values installed in the grid

Fwind Line CGE Curtailed BSS BSS BSS
Segments Variant Energy Placement Capacity Power
/ GWh/a / MWh /[ MW
0.25 - 1 0 - 0 0
- 2
0.5 - 1 14 - 0 0
- 2
1 LS4, LS5 1 24.5 - 0 0
LS3, LS7 2
15 - 1 9.5 - 0 0
LS2, LS3, LS4, 2
LS5, LS6, LS7
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These results show the strong influence of the installed wind plants on the line
loading and the required grid expansion measures, which is more significant than
in the case of PV plants.

Table 7-12 Results of the total costs for different wind power values installed in the grid

Fwind Total Costs CGE Costs /% BSS Costs /%  DPC Costs /%
/ EUR Million
0.25 0 0 0 0
0.5 1.6 0 0 100
1 68 58.2 0 41.8
15 99.5 89 0 11

Influence of the Investment Costs of OHLs

The variation of the specific investment costs of OHLs does not have any
influence on the line load, but rather on the total costs and the chosen grid
expansion measures. Table 7-13 and 7-14 show the resulting grid expansion
measures and the total costs, respectively, for different specific OHL costs. In the
case where the specific costs increase to one and a half times or twice the costs
of the reference scenario, fewer CGE measures were applied by the planning
algorithm compared with the reference scenario. Instead, more DPC and BSS
were used, since this combined application is more profitable than the application
only of OHLs. Only LS3, LS4 and LS7 were expanded for these scenarios. Due
to the high overload on these LSs, their expansion is still worthwhile despite the
high specific OHL costs.

When decreasing the specific OHL costs by a factor of 0.5 or 0.25 compared to
the reference scenario, more LSs were expanded using OHLs with two bundled
conductors and less DPC was applied. The BSS are comparatively too expensive
to be applied in these cases.
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Table 7-13 Planning results for different specific costs of OHL

F¢p Line CGE Curtailed BSS BSS BSS
Segments Variant Energy Placement Capacity Power
/ GWh/a / MWh /| MW
0.25 LS2 1 0.02 - 0 0
LS3, LS4, LS5, 2
LS6, LS7
0.5 LS2, LS5 1 3.4 - 0 0
LS3, LS4, LS6, 2
LS7
1 LS4, LS5 1 24.5 - 0 0
LS3, LS7 2
1.5 LS4 1 25.2 SS7, SS9 18 14.2
LS3, LS7 2
2 LS4 1 25.2 SS7, SS9 18 14.2
LS3, LS7 2

Table 7-14 Results of the total costs for different specific costs of OHL

Total Costs CGE Costs / % BSS Costs / % DPC Costs / %
/ EUR Million
0.25 21.3 99.9 0 0.1
0.5 42.2 90.8 0 9.2
1 68 58.2 0 41.8
15 82.8 52.7 12.1 35.2
2 97.4 59.7 10.3 30

Influence of the Investment Costs of BSS

The variation of the specific costs of BSS also has an impact on the total costs
and, hence, on the expansion measures applied to prevent grid congestion. Table
7-15 and 7-16 show the resulting grid expansion measures and the total costs,
respectively, for different specific costs of BSS. It can be deduced from these
results that the application of BSS can only become economically viable
compared to OHL and DPC when the specific costs of BSS decrease by half or
more compared to the reference scenario costs.
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Table 7-15 Planning results for different specific costs of BSS
Fpgs Line CGE Curtailed BSS BSS BSS
Segments Variant Energy / Placement Capacity  Power
GWh/a / MWh /| MW
0.25 LS4 1 20.9 SS7, SS9 40.6 20.8
LS3, LS7 2
0.5 LS4 1 23.97 SS7, SS9 22 154
LS3, LS7 2
1 LS4, LS5 1 24.5 0 0 0
LS3, LS7 2
1.5 LS4, LS5 1 24.5 0 0 0
LS3, LS7 2
2 LS4, LS5 1 24.5 0 0 0
LS3, LS7 2

Table 7-16 Results of the total costs for different specific costs of BSS

Fpgs Total Costs CGE Costs / % BSS Costs /% DPC Costs / %
/ EUR Million
0.25 59.7 48.7 10.8 40.5
0.5 63.3 45.9 10.2 43.9
1 67.9 58.3 0 41.7
15 68 58.2 0 41.8
2 68 58.2 0 41.8

Influence of the DPC Costs

Within the sensitivity analysis, the planning algorithm was applied to the grid for
different specific costs of the DPC. Table 7-17 and 7-18 present the resulting grid
expansion measures and the total costs, respectively, for different specific costs
of the DPC. It can be deduced from the tables that the DPC costs in the reference
scenario are already low enough to be deployed in the grid planning combined
with OHLs. When decreasing the specific costs of DPC by a factor of 0.5 or 0.25,
it is not possible to curtail more RES energy due to the 3 % limit implemented in
the planning algorithm. Therefore, CGE measures are still required to prevent grid
congestion.
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Table 7-17 Planning results for different specific costs of DPC

Fppc Line CGE Curtailed BSS BSS BSS
Segments Variant Energy Placement Capacity Power
/ GWh/a / MWh / MW
0.25 LS4, LS5 1 24.5 - 0 0
LS3, LS7 2
0.5 LS4, LS5 1 24.5 - 0 0
LS3, LS7 2
1 LS4, LS5 1 24.5 - 0 0
LS3, LS7 2
15 LS5 1 5.6 - 0 0
LS3, LS4, 2
LS6, LS7
2 LS2, LS5 1 3.4 - 0 0
LS3, LS4, 2
LS6, LS7

In the case where the specific costs of DPC increase by a factor of one and a half
times or twice compared with the reference scenario, less DPC and, instead, more
CGE measures with OHL were deployed to prevent the grid congestion. Even in
these scenarios, the DPC is still economically viable to prevent low and infrequent
overloads, as it is the case for LS1. The application of BSS in these scenarios is
still not economically reasonable compared to OHLs and DPC.

Table 7-18 Results of the total costs for different specific costs of DPC

Fppc Total Costs CGE Costs /% BSS Costs/%  DPC Costs /%
/ EUR Million
0.25 46.7 84.8 0 15.2
0.5 53.8 73.6 0 26.4
1 68 58.2 0 41.8
1.5 81.8 88.1 0 11.9
2 84.4 90.8 0 9.2

Figure 7-1 summarizes the results of the sensitivity analysis by summarizing the
variation of the total grid expansion costs depending on the variation of the
considered input parameters. The input and output values are, thereby, given in
relation to the respective values of the reference scenario. It can be deduced from
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the figure that the most influential parameters regarding the resulting expansion
measures and, hence, the total planning costs for the considered grid are the wind
and PV power installed in the grid. Especially a high wind power share leads to
high load flow values, which results in more transport capacity being needed in
order to prevent grid congestion. In this case, the CGE based on OHLs is
economically the most reasonable expansion instrument to integrate the wind
plants. In addition to the installed wind and PV power, the total costs also depend
largely on the investment costs of OHLs and, secondarily, on the costs of the
DPC. The variation of the specific costs of BSS has the least influence on the total
costs than the other considered parameters. Only by decreasing the specific costs
of BSS by half or more does the BSS become more competitive and can be
deployed by the grid planning algorithm for the expansion of the HV grid combined
with OHLs and DPC.
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Figure 7-1 Sensitivity of the total grid expansion costs to the considered input parameter
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8 Conclusion and Outlook

In the course of the German energy transition and the increasing integration of
renewable energies into the distribution grid and due to the planned shutdown of
nuclear and coal-fired power plants, the structure of the power system in Germany
is undergoing continual change. To cope with these changes, the application of
innovative technologies and planning concepts are currently required in addition
to the need-oriented CGE. The aim of this application is to use the full potential of
the existing grid and reduce additional conventional measures required for a safe
power supply and integration of RES into the grid. The economic efficiency of the
innovative and conventional measures must, hereby, also be taken into
consideration.

In the context of this research work, a new grid planning method for distribution
grids was developed combining CGE technologies based on OHLs and UGCs
with innovative planning technologies, such as BSS and DPC. The aim of the
method is to determine the most economical grid planning solution in compliance
with the planning guidelines based on these different technologies. At the same
time, the planning method intends to increase the utilization of the existing grid
and avoid unnecessary CGE measures.

The functionality of the proposed planning method and its implementation in the
form of a grid planning algorithm is described in chapter 4. The algorithm uses
time series for load and RES power to determine the prognosticated grid
congestion over a time range of a year. Depending on the prognosticated grid
congestion and the investment and operating costs of the selected planning
instruments, a MILP optimization is applied to determine the optimal combination
of grid expansion measures required to prevent the congestion at minimum cost.
The results of the optimization include the type and placement of CGE measures.
They also include the storage capacity, rated power and placement of BSS, as
well as the scheduling of BSS and DPC over the simulated year.

The planning algorithm is applicable for both HV and MV grids, whereby the
linearized LFC method adopted for the planning of HV grids is different from that
for MV grids, due to the different considered grid restrictions.

For the planning of HV grids, the planning principles considered within the
algorithm reside in the compliance of the power flow with the power-carrying
capacity of the lines for the (n-0) and (n-1) states. The planning instruments OHLSs,
UGCs, BSS and DPC were considered impartially in the algorithm so that all of
them can contribute to fulfilling the grid planning principles.
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The results of the planning algorithm are discussed in chapter 5. The application
of the proposed planning method on a real HV grid showed that the combined use
of OHLs and DPC represents the most economical planning variant. This variant,
in consideration of the 3 % curtailment limit, enables a higher utilization of the
existing grid and reduces the length of the required CGE measures to about 63 %
compared with the application of OHLs alone. This combined variant also leads
to a reduction of the total costs to about 70 %.

When the DPC is not applied, the use of UGCs for the planning of the HV grid is,
according to the planning algorithm, about 4.25 times more expensive than the
application of OHLs. In addition, the length of the required UGCs is 2.2 times
greater than the length of the required OHLs. Due to the application of the DPC,
subject to the 3 % curtailment limit, the length of the required UGCs was reduced
to 51 % compared to the UGC variant. The total costs of the grid planning were
also reduced to 57 % compared to the use of UGCs alone.

The results of the planning algorithm also showed that the use of only BSS for the
expansion of HV grids is technically feasible and could replace the CGE, but this
variant is still currently not economical due to the necessary high storage
capacities in this case. This variant also leads to the highest losses in the grid.
However, when combined with the DPC, the total costs and incurred losses can
be decreased to 15 and 76.5 %, respectively, compared with the application of
BSS alone.

The combined application of UGCs, BSS and DPC could lead to a more
economical expansion solution than the use of BSS or UGCs individually. As
illustrated by the results of the planning algorithm, the total costs of this planning
variant represent 14.6 % of the BSS variant costs, and 53.8 % of the UGC variant
costs. Due to the combined application of UGCs, BSS and DPC, subject to the 3
% curtailment limit, the UGC length required was reduced to about 40.5 %
compared to the application of UGCs alone. This variant could be applied
especially in the case of low public acceptance toward CGE with OHLSs.

For the planning of the MV grid, the grid restrictions considered in the planning
algorithm in this work are the compliance of the node voltages with the allowed
voltage band and the compliance of the power flow with the power-carrying
capacity of the lines in the (n-0) state. The planning instruments implemented in
the planning algorithm to fulfil these grid restrictions are UGCs, BSS and DPC.

The application of the planning algorithm to a real MV grid showed that the DPC,
in consideration of the 3 % curtailment limit, is sufficient to prevent the
prognosticated congestion without further CGE measures. In this case, the
application of DPC represents the most economical variant for the grid planning.
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However, depending on the grid and the adopted RES scenario, the application
of only DPC subject to the 3 % curtailment limit could be insufficient to prevent all
prognosticated congestion in other MV grids. In that case, CGE measures or BSS
can be further applied.

The results of the planning algorithm also showed that the combined application
of UGCs and BSS in the considered MV grid is more economical than the
application of only UGC or BSS by 11 and 44.7 %, respectively. Furthermore, the
total length of the required UGCs based on this combined application was reduced
to about 4.2 % compared with the planning variant based only on UGC.

The use of BSS as the only planning instrument for both HV and MV distribution
grids did not prove to be economically viable compared to DPC and CGE. The
BSS require high storage capacities to prevent the overloads, especially when
they are high, which leads to high investment costs. However, a combined use of
BSS with DPC or UGC or both could be more economically viable and competitive
compared to CGE based on UGC. Since the (n-1) criterion is not a prerequisite
for the planning of MV grids in the generation case, the requirements concerning
grid expansion for MV grids are less strict than for HV grids. Therefore, the use of
BSS and DPC could be more cost-efficient in MV and LV grids than in HV grids.

Furthermore, the sensitivity analysis of the total costs, described in chapter 7,
revealed that the use of BSS in HV grids could be cost-efficient when combined
with OHL and DPC only when BSS prices decrease by about half or more
compared to the current prices. A participation of the BSS in the European Day-
Ahead electricity market in parallel with the grid-supporting application
investigated in chapter 6, could generate profits from the electricity trade.
Nevertheless, the accruing profits remain small compared with the total costs of
the grid-supporting application. Additionally, such a utilization of BSS for both grid-
supporting and market-based purposes is still currently not clearly defined from
the regulatory point of view.

The DPC is usually insufficient to prevent all congestion in HV grids due to the
3 % curtailment restriction. Even without considering the 3 % curtailment limit, the
application of DPC in HV grids can be, to a certain extent, more expensive than
the application of OHLs, according to the current costs of curtailment and OHLs.
This applies in the case of high integration of RES and high prognosticated
overloads. Furthermore, using DPC means that the curtailed RES energy is
definitely wasted. This could be justifiable to a certain extent when limited to the
3 % annual feed-in energy of the plant to prevent grid congestion and avoid high
investment costs in CGE measures. However, the long-term energy transition
goals in Germany target 80 % coverage of the electricity consumption through
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RES by 2050 [87]. As illustrated through the sensitivity analysis, a high integration
of RES and especially of wind plants into the grid requires significantly more CGE
in the HV grid. Therefore, according to the current prices, a need-oriented CGE
using OHLs combined with DPC remains, in the long-term and at high voltage
levels, the most cost-efficient solution to cope with the targeted integration of RES
into the grid.

The planning algorithm proposed in this work delivers the optimal cost-effective
planning solution of distribution grids automatically and spares the grid planner
the trial of several planning variants. Regarding the increasing challenges
encountered by the grid operators today and in the future, the proposed planning
algorithm could give assistance by determining need-oriented and cost optimized
planning solutions that help to achieve the energy transition goals in Germany
and, at the same time, reduce new required CGE measures.

At the beginning of this dissertation, the following scientific thesis was introduced:

It is possible to reduce the required CGE due to the increasing integration
of RES through the inclusion of the innovative planning instruments BSS
and DPC in the grid planning, and still decrease the total expansion costs.

This thesis can be validated based on the planning results achieved for the
considered HV and MV grid. Due to the optimization of the total costs within the
grid planning process in the developed planning algorithm, the following results
have been delivered:

e The combined application of OHLs and DPC in the considered HV grid is more
economical than the use of OHLs alone and enables, at the same time, a
reduction of the required CGE based on OHLs (see chapters 5.1.1 and 5.1.2).

e The combined application of UGCs and DPC in the considered HV grid is more
economical than the use of UGCs alone, and enables, at the same time, a
reduction of the required CGE based on UGCs (see chapters 5.1.3 and 5.1.4).

e The combined application of UGCs, BSS and DPC in the considered HV grid
is more economical than the use of UGCs alone or the combined use of UGCs
and DPC, and enables, at the same time, a reduction of the required CGE
based on UGCs (see chapters 5.1.3, 5.1.4 and 5.1.8).

e The combined application of UGCs and BSS in the considered MV grid is more
economical than the use of UGCs alone and enables, at the same time, a
reduction of the required CGE based on UGCs (see chapters 5.2.1 and 5.2.4)

All results presented in this work are based on the simplifications described in
chapter 3, and assume a perfect prognosis of the load consumption and the
generation feed-in power. They are also based on the assumptions, technical
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parameters and specific costs outlined in chapter 4 for OHLs, UGCs, BSS and
DPC. The resulting profits from the electricity market, as considered in this work,
also assume a perfect prognosis of the electricity prices. In reality, prognoses are
not perfect, and the technical parameters and specific costs can also vary from
the selected values. Furthermore, an exact LFC could also deliver different values
compared to the linearized LF methods. Therefore, the planning results presented
in this work are not to be considered as absolute exact values. These results could
diverge depending on the adopted input data and assumptions. In order to
validate the proposed planning method, further comparison with the results of the
classic planning of distribution grids should be realized [88]. In addition to that, the
planning method could be improved further, for instance, by considering the
reactive power flow in the optimization constraints in the case of HV grid planning.
Moreover, other planning instruments, such as tap-changer transformers [89, 90],
weather-dependent current rating of OHLs [91, 92] or the possibility of adding
completely new routes for additional power lines [7, 8], could be included in the
planning algorithm.
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