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1 Executive Summary

Background
The German transmission grid needs to increase its transport capacity swiftly and manifold. As
the level of Renewables continues to increase, and regulatory imperatives like the Clean Energy
package must be delivered, an augmented transport capacity in the transmission grid is
required. Where new lines are delayed, other available proven technology for optimisation must
be considered.
What if Germany can’t increase the capacity? One solution is remedial actions like redispatch
and curtailment of renewable generation. For the year 2019, this resulted in an annual cost
of 1.2 billion Euro and an annual redispatch volume of 20.0 TWh/a1.
How can Germany ensure that the needed capacity is available? It is worth noting that the
German Network Development Plan (NDP) already highlights solutions called power flow control
measures. They are also referred to as ‘ad-hoc’ measures and seek to maximise the use of
existing assets. In most cases, these ad-hoc measures only consider a single technology to
complement network development: the large scale Phase-Shifting Transformer (PST). The
projects are designed to help Transmission System Operators (TSOs) ‘buy time’ as many
network expansion projects face delays, due to public opposition or approval loops with national
or sub-national authorities. However, there is another power flow control solution: modular
SSSCs.
Enquiring into the benefits of small scale power flow solutions: the study scope
This study investigates an innovative power flow control solution, that have been proven
to work in other places. In particular the study looks at the benefit of smaller power flow devices
compared to bigger ones. The study analyses the potential contribution of the power electronic
device called modular Static Synchronous Series Compensator (m-SSSC).
The main advantage of this relatively small device resides in its flexibility: It can be
installed very quickly, can be upgraded in a modular manner, requires small space, and can be
moved from one location to another. It should be noted here that the future energy system
cannot be anticipated in all its details; however, flexibility and modularity allow this uncertainty

1

https://www.bundesnetzagentur.de/SharedDocs/Mediathek/Berichte/2020/Quartalszahlen_
Gesamtjahr_2019.pdf?__blob=publicationFile&v=5
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to be coped. The modular design also allows for redundancy requirements to be met by adding
just one additional module, while alternative technologies need to double the size of their
installation. It should be noted that the study scope excluded the question of small power flow
control devices interaction or combination with dynamic line rating (DLR), which uses overhead
line monitoring to adjust nominal line ratings during system operation. The reason for this is that
the m-SSSC are able to inherently provide overload capability, and if this is insufficient additional
modules can be added as needed, as m-SSSC are modular. Therefore the use of nominal line
ratings is considered a conservative approach in the study.
2023 as the reference point, and key scenarios
The study focuses on the year 2023. By then the nuclear phase-out will be accomplished, and
more variable renewable energy sources (RES) will be connected to the system, at the same
time as key infrastructure projects are delayed. Therefore, 2023 constitutes a challenging year
for grid security. The reference grid scenario is based on the expected grid development by
2023 according to the NDP 2030 (Version 2017) of the German TSOs, with consideration of
known delayed projects2. The essence of a second scenario is a further delay in grid
development, that only assumes the completion of the network projects recognised by the
Federal Requirements Plan Act (BBPlG) or the Power Grid Expansion Act (EnLAG).
Findings: An annual reduction of 17% in redispatch and RES curtailment
An annual reduction of 17 % or 6.8 TWh/a in the redispatch of conventional power plants and
the amount of RES curtailment measures are the result of placing four m-SSSC installations at
locations already considered in NDP 2030 (version 2019). The grid delay scenario was the
underlying one used, and the capability of the four m-SSSCs was assumed equivalent to a PST.
Additional 18% / 7,2 TWh/a gains through 12 m-SSSC- instead of 4 m-SSSC installations
A further sensitivity analysis was carried out opting for twelve m-SSSC installations instead of
four for the distributed power flow control devices. It should be noted that the total voltage
injection capability is the same in the two scenarios.
The chosen locations for distribution of the m-SSSC is based on the effectiveness of the
installations to push power away from existing congested circuits or pull power on to those with
spare capacity identified in the study.

2

https://www.bmwi.de/Redaktion/DE/Downloads/S-T/tempo-fuer-den-netzausbau.pdf
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The results show that smaller m-SSSC installations are more effective and reduce the
redispatch of conventional power plants and RES curtailment by an additional 18% or 7.2 TWh/a
compared to four m-SSSC installations or by a total of 35% or 14 TWh/a (compared to no mSSSC installations).
A second sensitivity was studied with the same 12 locations but an added voltage injection
capability of 20% shows further reduction of 1.7 TWh/a compared to the first sensitivity and the
further potential benefit of adding more SSSC modules at these distributed locations.
Therefore, the use of the modular SSSC solution has proven to offer major benefits, particularly
when compared to phase-shifting transformers.
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2 Introduction

In the German electricity grid, a progressive expansion of power plants based on renewable
energy sources is expected. In addition, European electricity markets are set to be further
integrated in line with the Clean Energy Package. These changes in combination with a
decommissioning of conventional power plants and the nuclear phase-out lead to higher
transfers of electricity across the transmission grid in Germany. These developments will be
challenging, requiring not only the reinforcement of existing lines, but also new transmission
lines to be built in the German transmission grid. In particular, the commissioning of new
transmission lines in Germany is often problematic due to public acceptance. Therefore, the
identified grid expansion can often not be carried out in the foreseen time This delay in grid
expansion will most likely lead to an increase in expensive remedial actions like redispatch of
conventional power plants and RES curtailment.
To reduce the redispatch and RES curtailment measures, TSOs tend to install active power flow
control operating equipment to maximise the use of existing assets. Due to the relatively small
scale of these solutions they are less likely to encounter public acceptance issues. These power
flow control technologies may be phase-shifting transformers (PST), thyristor-controlled series
capacitors (TSCS), static synchronous series compensators (SSSC) or unified power flow
controller (UPFC).
In this context, modular SSSC (m-SSSC) offer active power flow control for the grid while
providing several advantages. Their modularity makes them flexible by means of their short
installation times, the possibility to relocate the devices where necessary, and to use only a
small footprint. The modularity has the additional advantage that when redundancy is required
to meet the (n-1) criterion this is achieved by adding one module, as opposed to duplicating the
whole installation.
The objective of the study is to analyse how redispatch of conventional power plants and RES
curtailment in Germany will be affected using m-SSSCs in the system. The impact of m-SSSC
is investigated for two future grid scenarios for the year 2023.
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3 Methodology

As mentioned in the introduction, the objective of this study is to analyse the impact of m-SSSC
on redispatch and RES curtailment volumes in Germany. The two investigated future grid
scenarios are defined and parameterised in chapter 3.1. Based on the defined scenarios, the
investigations are conducted with a toolchain consisting of a market simulation followed by a
redispatch simulation. In order to integrate SSSC in the redispatch simulation, a SSSC model
has been developed, implemented and validated. A redispatch simulation with the integrated
SSSC model has been realised by relying on standard methods to converge in reasonable
computation time with the usage of a linearisation approach. The market and redispatch
simulation framework used for the investigations is described in chapter 3.2.

3.1 Scenarios and Parameterisation
The study reference year is 2023 for all scenarios. This year is considered to be challenging in
terms of grid security as:


Phase outs: In 2023 many existing baseload power plants will be decommissioned
(nuclear phase out 2022, coal phase out started, etc.)



Grid delay: Except for the HVDC line Ultranet, the other planned HVDC lines will not be
available before 2025 at the earliest.



Regulatory requirements for available transmission capacity to markets, such as the 70%
requirement as per Clean Energy Package for all Europeans

Figure 1 provides an overview of the different scenarios that are explained further on.
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Figure 1: Overview of the study scenarios

The Reference Scenario represents the grid that is expected for the year 2023 excluding
projects with known delays. As a counterpoint the Grid Delay Scenario considers further
potential delays in grid development.
For both Reference Scenario and Grid Delay Scenario, the reference is the case without the
integration of m-SSSC. The 4 m-SSSC scenarios consider the integration of four m-SSSC at
the same locations as the PSTs in the NDP 2030 (Version 2019). Two further scenarios, shown
in Figure 1, are based on the Grid Delay Scenario.
On the one hand, they assess the distribution impact of using the same total system-wide
voltage injection capability as in the Grid Delay 4 m-SSSC scenario, but at 12 locations (Grid
Delay Locational).
On the other hand, a scenario with an increase of this voltage injection capability across the 12
locations by 20% each (Grid Delay Locational 20%) will be assessed.
The following sections present the assumptions for the market simulation and the grid scenarios.
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3.1.1 Reference Scenario
For the European market model, the parameterisation is based on the tested and verified IAEW
power plant database, which will be described in the following.
For market parameterisation, the assumptions for the European generation portfolio follow the
Best Estimate scenario for 2020 and 2025 from the Mid-Term Adequacy Forecast 20173 (MAF).
Where necessary, installed capacities are linearly interpolated between the year 2020 and 2025
in order to derive the capacities for the year 2023.
In Germany, the installed capacity of thermal power plants will be adapted based on up to date
information on unit (de-)commissioning provided by the German national regulator.4 Additionally,
information based on NDP 2030 (Version 2017)5 for installed capacities, and on the MAF in the
case of other ENTSO-E countries, are used. The meteorological year 2017 is used for RES
infeed and CHP generation. The use of a historical year is necessary because weather time
series are not available for future scenarios and a consistent weather year is required to
generate the heat demand and time series of RES infeed. As the year 2017 was a year with
high wind infeed, and therefore a high need for transportation capacities in Germany, the data
is chosen to investigate challenging weather conditions for the future scenario.
Table 1: Overview of used forecast scenarios regarding the input data

input parameter

forecast scenario

source

market data

Mid-Term Adequacy Forecast 2017
for all ENTSO-E countries

ENTSO-E

weather data

Based on the historical data from 2017

MERRA-2

grid data

NDP 2017-2030 2nd Draft, O-NDP 2017-2030 2nd
Draft (both scenario B) for Germany
Ten-Year Network Development Plan 2016 for
remaining ENTSO-E

German TSO
ENTSO-E

The grid parameterisation is based on publicly available German TSOs’ static grid models6 for
the existing topology in 2018. Static grid models of the TSO include parameters of the grid

3

https://docs.entsoe.eu/dataset/maf-2017
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/
Versorgungssicherheit/Erzeugungskapazitaeten/Kraftwerksliste/kraftwerksliste.html
5 https://www.netzentwicklungsplan.de/de/netzentwicklungsplaene/netzentwicklungsplaene-2030-2017
6 Amprion: https://www.amprion.net/Strommarkt/Engpassmanagement/Statisches-Netzmodell/,
50hertz: https://www.50hertz.com/de/Transparenz/Kennzahlen/Netzdaten/StatischesNetzmodell/,
TenneT: https://www.tennet.eu/de/strommarkt/transparenz/transparenz-deutschland/,
TransnetBW: https://www.transnetbw.de/de/strommarkt/engpassmanagement/engpass.
4
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equipment like line reactances or maximum admissible currents. These maxmimum admissable
currents are used in the present study and as a conservative approach, no dynamic line rating
is considered. The data given is validated using further data like the ENTSO-E map or the
VDE/FNN grid map when necessary and by an extensive backtesting for the year 20177. The
model of the existing grid is extended by planned grid expansion of the NDP 2030
(Version 2017) for Germany until 2023, considering known delays8. In the remaining ENTSO-E
countries, the grid model is based on the Ten-Year Network Development Plan 20169 (TYNDP).
In Figure 2, the resulting grid model for the Reference Scenario includes the power flow control
devices already confirmed in the NDP 2030 (Version 2017). These ad-hoc measures are
implemented as PSTs and marked in black. The ad-hoc measures proposed and partly
confirmed10 in the NDP 2030 (Version 2019) with a commissioning up to 2025 are implemented
as m-SSSCs and marked in blue. In the study, the SSSC are parameterised with an injected
voltage per phase at line rating of 96 kV, which is equivalent to a PST with a line voltage of 400
kV, a line rating of 2750 MVA, and degrees of control in the range of  24°.

No. Location

Year

Confirmation Status

1

Kruckel

2023

Confirmed in NDP 2017

2
3

Hamburg/Ost
Hanekenfähr

2022
2023

Confirmed in NDP 2017
Confirmed in NDP 2017

4
5

Oberzier
Wilster/West

2023
2023

Confirmed in NDP 2017
Confirmed in NDP 2017

6

Würgau

2023

Confirmed in NDP 2017

7
8

Pulverdingen
Grohnde

2023
2023

Confirmed in NDP 2017
Confirmed in NDP 2017

9 Twistetal
10 Wahle

2025
2030

Confirmed in NDP 2019
Not confirmed in NDP 2019

11 Güstrow

2025

Confirmed in NDP 2019

12 Enninger
13 Philippsburg

2025
2025

Confirmed in NDP 2019
Not confirmed in NDP 2019

11

5

2

3
12
1

8

9

4
6
13

7

PST
mSSSC

Figure 2: Locations of ad-hoc measures in Reference and 4 m-SSSC Scenarios

7

Sprey, J., Kellermann, J., Klettke, A., Moser, A.: Computable Network Models of Transmission Systems
for Simulative Investigations, 2018.
8 Known delays according to published information by the Federal Ministry for Economic Affairs and
Energy, abbreviated BMWi, in the progress of grid development “Tempo für den Netzausbau”:
https://www.bmwi.de/ Redaktion/DE/Downloads/S-T/tempo-fuer-den-netzausbau.pdf
9 https://www.entsoe.eu/publications/tyndp/tyndp-2016/
10 As given in Figure 2, the Ad-Hoc Measure in Philippsburg is not confirmed in NDP 2030 (Version 2019).
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3.1.2 Grid Delay Scenario
The grid model in the Grid Delay Scenario is based on the grid model in the Reference
Scenario, assuming a delay of the grid development projects that are not listed in German
legislation, namely the Federal Requirements Plan Act (BBPlG) and the Power Grid Expansion
Act (EnLAG).11 This will most likely result in additional redispatch as well as RES curtailment to
ensure grid security. The locations of the delayed grid expansion and reinforcement measures
are given in Figure 3. The m-SSSC locations of the four m-SSSC are identical to the ones in the
Reference Scenario.
With the Grid Delay Scenario it can be investigated if the existing locations of load flow control
devices for a planned grid have the same benefit in a new grid situation, for example caused by
a delay in grid expansion.

No.

Project

1
2
3
4
5
6
7
8
9

P27
P47a
P50
P74
P159
P171
P309
P310
P324

Name of Project
Landesbergen - Wehrendorf
Pkt. Kriftel - Farbwerke Höchst-Süd
Pulverdingen - Engstlatt
Vöhringen - Woringen/Lachen
Bürstadt - BASF
Hanekenfähr - Merzen
Bürstadt - Hoheneck
Bürstadt - Kühmoos
Witten - Hattingen

6
1
9
2
7

5
3
8

4

Figure 3: Name and location of grid expansion and reinforcement measures not listed in BBPlG
or EnLAG excluded from Reference Scenario to get Grid Delay Scenario

11

German laws with the aim of implementing planned grid expansion.
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3.1.3 Locational Scenarios
The locational scenarios take advantage of the flexibility and the modularity of the m-SSSC. As
explained before, the first additional Grid Delay scenario (Locational Scenario) works with a
more modular distribution of the m-SSSC with the same capacity as for the 4 m-SSSC scenarios
only at 12 locations. The second additional Grid Delay scenario (Locational 20% Scenario)
considers the same 12 locations for the m-SSSC as the first but with an increased compensation
voltage of 20%.
The locations of these scenarios depend on the results of the Reference and the Grid Delay
scenarios with and without integration of the four m-SSSC, and will therefore be introduced after
the first part of the results (c.f. Section 4.1).

3.2 Investigation Framework
For the impact analysis of the m-SSSC on redispatch and RES curtailment volumes, a toolchain
containing a market and a grid simulation is used. The market simulation simulates the hourly
dispatch of power plants in the European market areas (see Appendix 6.1). Subsequently, grid
simulations are conducted considering (n-1) security aspects for Germany. These simulations
identify the hourly (over)loading of lines and determine the necessary redispatch and RES
curtailment volumes to guarantee a stable (n-1) secure grid operation, while minimising costs
for remedial actions (see Appendix 6.2). Beside the market-based remedial actions, namely
redispatch and RES curtailment, the simulation also considers adjustment of the use of HVDC,
PST, SSSC, tap change of transformer, etc. The security aspect is defined by voltage limits at
the terminal and current constraints for the (n-0) and (n-1) grid situation.
As the focus is on the integration of the m-SSSCs, a description of the power flow model for the
m-SSSC, based on the power injection method is given in Appendix 6.3.
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4 Results

Figure 4 provides an introductory overview of the results. It shows the relative annual
overloading of the lines in (n-1) situations before the optimisation of the remedial actions to
alleviate the overload, and the geographical distribution of the required annual redispatch
volume12 for the Reference and the Grid Delay Scenarios.
Due to delayed grid expansion, some lines are overloaded in a higher number of hours, like in
the area of Diele, Dörpen and Rhede or the area of Daxlanden and Weingarten, and
furthermore, new lines are congested in the Grid Delay Scenario. This results in a redispatch
volume of 34.5 TWh/a in the Reference Scenario including 12.0 TWh/a of RES curtailment,
and 39.6 TWh/a of redispatch including 13.4 TWh/a of RES curtailment in the Grid Delay
Scenario.
Reference Scenario

Grid Delay Scenario

1.0 TWh/a
Power decrease
Power increase
Line (n-1)overloaded in
> 30 %
15 %
1%

Figure 4: Overloaded lines before optimisation and redispatch volumes for the
Reference (left) and Grid Delay (right) Scenarios without SSSC

The differences result in a higher level of redispatch distributed over Germany, but is mainly
driven by higher power reduction of conventional power plants in the Eastern area of Germany
and a power increase in the South-Western area. The result of the South-Western region can
be explained by having most of the delayed grid expansion in this area for the Grid Delay
Scenario (c.f. Section 3.1.2).

12

Redispatch means the absolute value of the increased and decreased power of conventional power
plants as well as the RES curtailment.
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4.1 4 m-SSSC Scenarios
With the integration of the 4 m-SSSC the required redispatch and RES curtailment volume is
reduced by 11% (3.8 TWh/a) in the Reference Scenario and by 17% (6.8 TWh/a) in the Grid
Delay Scenario. The reduction in both scenarios is mainly driven by a higher integration of RES.
The associated reduction of RES curtailment results in a decrease of CO 2 emissions:
11% (414 kt/a) less in the Reference Scenario and 11% (476 kt/a) less in the Grid Delay
Scenario. The changes in CO2 emission can be explained by a reduced need for ramping up
conventional power plants as a counterpart of the RES curtailment.

Compensation Voltage

Compensation Voltage

Figure 5 shows the resulting load duration curves of the SSSC voltage injected compensation.
1

2

3

4

100

Reference Scenario

kV
60
40
20
0
Grid Delay Scenario

100
kV
60
40
20
0
Enniger

Guestrow
Güstrow

Philippsburg

Twistetal

Figure 5: Load duration curve of SSSC voltage injected compensation
for Reference Scenario (top) and Grid Delay Scenario (bottom)

The comparison of the load duration curves of the SSSC compensation voltage shows less
hours with maximum compensation voltage at SSSC Philippsburg (1) and Güstrow (3), but a
higher usage of SSSC Enniger (2) in the Grid Delay Scenario.
Although the relative influence on the reduction of redispatch measures is higher in the Grid
Delay Scenario, there is generally a lower number of hours of use. This raises the question if
other locations for the SSSC could be preferable for this scenario.

15/24

Therefore, based on the 99% quantile of the line loading before optimisation, investigations have
been carried out with regard to spare line capacities as well as congested energy in order to
identify new locations of the m-SSSC. A further distribution of the m-SSSC is possible due to its
flexibility and modularity.
The loaded and congested energy as well as the resulting new locations of the m-SSSC are
shown in Figure 6.
Loaded/spare Energy

Congested Energy

4 SSSC
Locational
SSSC
Loaded/Cong.
Energy in GWh/a

Figure 6: Loaded/spare (left) and congested energy (right) before optimisation in Grid Delay
Scenario with new SSSC locations

The decision for the new SSSC locations depends not only on lines that are highly congested
but also on lines that have spare transmission capacity, to allow m-SSSCs to operate either in
push or pull mode. As already introduced in the parameterisation, the locally distributed m-SSSC
in the Locational Scenario in total have the same voltage injection capacity as the four mSSSC in the non-locational scenario. This means that 40% of the voltage injection capability
remains at the previous locations of the 4 m-SSSC installation, and 30% of the original voltage
injection capability is modelled at each of the new distributed locations. In the Locational 20%
Scenario, the m-SSSC are located as in the Locational Scenario but the compensation voltage
injection capability of each m-SSSC installation is increased by 20%.
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4.2 Locational Scenarios
In the Locational Scenario with the same system-wide voltage injection capability as in the
Grid Delay Scenario, there is a further reduction of redispatch and RES curtailment volumes
of 18% (7.2 TWh/a) compared to the 4 m-SSSC Grid Delay Scenario, ending up with a
redispatch volume of 25.6 TWh/a including 9.0 TWh/a of RES curtailment and an additional
reduction of CO2 emissions by 18% (672 kt/a) compared to the results of the 4 m-SSSC Grid
Delay Scenario.

Compensation Voltage

50
kV
30
20
10
0

Diele
Krümmel
Twistetal
Würgassen

Enniger
Neuenhagen
Weingarten

Ganderkesee
Philippsburg
Wolmirstedt

Güstrow
Stalldorf
Würgassen

Figure 7: Load duration curves of SSSC in the Locational Scenario

The resulting load duration curves of the SSSC compensation voltage injection in this scenario
is given in Figure 7. Analogous to the 4 m-SSSC scenarios, some of the SSSC locations have
more hours of usage than others like the m-SSSC in Güstrow, Weingarten, Neuenhagen and
Diele. The SSSC in Diele is used in the highest number of hours. This effect could also be seen
in the geographical distribution of the results in the Locational Scenario.
In general, the mentioned reduction in redispatch and RES curtailment volumes is distributed all
over Germany but there is a main reduction in RES curtailment at the offshore grid connection
point Diele.
Increasing the compensation voltage by 20% in the Locational 20% Scenario shows a further
reduction in the level of redispatch that results in a total volume of 23.9 TWh/a including
8.3 TWh/a of RES curtailment. Compared to the Grid Delay Scenario, the CO2 emissions are
reduced by 24% (888 kt/a).
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5 Summary and Outlook

To summarise the results of the study, Figure 8 provides an overview of the redispatch and RES
curtailment volumes of all investigated scenarios. With the comparison of the 4 m-SSSC Grid
Delay Scenario with the Locational Scenario, it can be seen that the modularity and flexibility
in positioning of the m-SSSC may double the benefit with regard to redispatch and RES

Redispatch and
Curtailment Volume

curtailment volumes, compared to PST with the same capacity.
45
TWh/a
35
30
25
20
15
10
5
0

-17%

-11%

-23%
-18%

Ohne
w/o

4SSSC
SSSC

Ohne
w/o

Reference

4 SSSC
SSSC

Locational

Locational
20%

Grid Delay

Redispatch

Curtailment

Figure 8: Annual redispatch and RES curtailment in all scenarios

Having in mind the different aspects of the scenarios and their parameterisation, existing
interdependencies between the dimensioning of the m-SSSC installation and dynamic line rating
have to be addressed.
Despite the overload capacity of the m-SSSC, a move to using dynamic line rating is likely to
lead to a need for a higher number of modules. However the ability of a modular solution to
easily be scaled also offers the chance to defer the need for these extra unit to a time when
overhead line monitoring is introduced.
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Further aspects that have not been considered in this study and would be interesting to
investigate are:


the introduction of a flow-based market simulation in line with the Clean Energy
Package, which may lead to increased redispatch volumes due to the given minRAM13,



the consideration of cross-border redispatch or reactive remedial measures.

Finally, to analyse the maximum benefit of the m-SSSC integration, the introduction of a
positioning heuristic would be sensible, as the present positioning and therefore the locations of
the m-SSSC, rely on study results and expert judgement. It is possible, that the location, and
therefore the benefit of the m-SSSC, have not been fully optimised in the approach to date.

13

Minimum level of remaining available margin for cross-zonal exchanges,
(https://www.acer.europa.eu/en/The_agency/Organisation/Board_of_Appeal/Decisions/48%20A-0012019%20%28consolidated%29%20final%20decision%20of%20the%20Board%20of%20Appeal.pdf)
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6 Appendix

6.1 Market Simulation
The market simulation is a method for power generation planning and trading developed at
IAEW over decades.14 It has been tested and applied in several studies with transmission
system operators, utilities and regulators.
Using input data such as renewable energy feed-in, thermal and hydraulic power plants
including all relevant constraints, prices for primary energy sources, demand for electricity and
reserve as well as transfer capacities a simulation of the European power market can be
performed. The optimisation with respect to each generation unit uses its own parameters based
on IAEW’s database, which has data on approximately 2,000 power plants in Europe and is
based on publicly available data and commercial databases. The constraints of the power plants
include technical and operational restrictions, like the power output range with minimum and
maximum power as well as minimum standstill and operating times, and typical costs
components such as primary energy prices including transportation costs, prices for emission
certificates and efficiencies.
The optimisation method performs a minimisation of the total European costs for power
generation under consideration of all mentioned technical and operational parameters. Due to
the complexity of the optimisation problem, like time-linking constraints in the dispatch of hydro
storage power stations, a multi-stage approach is applied. The optimisation is performed under
perfect foresight, so that the cost minimal dispatch is calculated disregarding uncertainties of
load and renewable energy sources.
The prognosis error of renewables is not modelled explicitly, but in reality is regarded by
considering the necessary reserves to be provided by the generation stack in each country
(running units, hydro generation and fast-starting gas turbines).
Results of the simulation comprise the hourly power plant dispatch per unit under the
assumption of perfect competition and total market transparency. Using both dispatch and
geographic coordinates, a subsequent detailed network operation simulation can be performed.

14

Drees, T.: Simulation des europäischen Binnenmarktes für Strom und Regelleistung bei hohem Anteil
erneuerbarer Energien, Dissertation, Aachen, 2016.
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6.2 Simulation of Grid Operation
Redispatch simulation
Using the hourly dispatch of each generation unit from the market simulation, a simulation of
network congestions is conducted. In reality, when power line overloading occurs, the TSO
performs counter measures which generally include switching measures or the redispatch of
generation units.
To model this procedure, IAEW developed a redispatch tool in cooperation with European TSOs
and research facilities as part of a research project for the European Union.15,16 This tool derives
optimised redispatch measures for a given grid parameterisation. For this, a successive
linearisation of the power flow calculations is conducted at first. These sensitivities, which can
be obtained indirectly from the Jacobian Matrix, describe the dependency of a change of the
feed-ins into a grid node, on the change of line loading on a branch. With the help of these
sensitivities, optimised redispatch measures are derived which abide the capacity and cost of
generation units, as well as the line loading.
This linearisation is a simplification of physics, but necessary in order to guarantee an efficient
and timely solution. Where overloads remain, a new linearisation is performed and optimised
redispatch measures are calculated and verified by another complex load flow simulation. This
procedure results in an iterative process which is conducted until all overloads have been
mitigated. Remaining overloading of lines in the intermediate as well as the final results are
possible but penalised. Thus, solvability is ensured, if there are no possible measures for
eliminating a congestion, and conclusions about operational grid security are made possible.

15

Eickmann, J.: Simulation der Engpassbehebung im deutschen Übertragungsnetz, Dissertation,
Aachen, 2015.
16 Eickmann, J., Bredtmann, C., Moser, A.:Security-Constrained Optimization Framework for Large-Scale
Power Systems Including Post-contingency Remedial Actions and Inter-temporal Constraints, Advances
in Energy System Optimization, 2017.
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6.3 Modelling of SSSC
The load flow model used for the SSSC is based on a power-injection model17 that calculates
an equivalent power feed-in at the start and end node of the SSSC that results for a given SSSC
compensation voltage 𝑈𝐶𝑜𝑚𝑝 . The load flow calculations in the optimisation framework are
based on the load-flow calculation software INTEGRAL. Since the optimisation framework
cannot access the newton-raphson core of the loadflow calculation, a load flow model for the
SSSC is required that does not need access to the newton-raphson core itself.
The equivalent circuit of the SSSC can be seen in Figure 9.

𝑋

𝑈

𝑜𝑚𝑝

𝐶

𝑈

𝑈

Figure 9: Equivalent circuit of the SSSC

To use the current-injection model, the voltage source of the SSSC is converted into an
equivalent current source. In order to ensure a robust convergence of the model, one larger
reactance 𝑋𝐵𝑖𝑔 is added and the current is injected in the front and end node of that reactance.
To compensate this reactance, a second, negative reactance −𝑋𝐵𝑖𝑔 is added in series as shown
in Figure 10 to compensate for the voltage droped caused by the line current.
𝑜𝑚𝑝

𝑋

𝑈

𝐶

𝑋𝐵𝑖𝑔

−

𝑜𝑚𝑝

−𝑋𝐵𝑖𝑔

𝑈

Figure 10: Current-injection model with compensation reactance

17

G. Bone, R. Mihalic: Modelling the SSSC Device in the Power Flow Problem as Power Injections
Regulated According to First Order Sensitivity, 2015
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Finally, as shown in Figure 11, a generator with the injection 𝑆𝑖,
end node of the reactance 𝑋𝐵𝑖𝑔 respectively. 𝑆𝑖,

𝑜𝑚𝑝

𝑜𝑚𝑝

is installed at the front and

is calculated using the injection current and

the voltages 𝑈 and 𝑈 .

𝑆
𝑋

𝐶

, 𝑜𝑚𝑝

𝑆

, 𝑜𝑚𝑝

𝑋𝐵𝑖𝑔

−𝑋𝐵𝑖𝑔

𝑈

𝑈

Figure 11: Power-injection model

Since the injection of 𝑆𝑖,
power 𝑆𝑖,

𝑜𝑚𝑝

𝑜𝑚𝑝

lead to a change in 𝑈 and 𝑈 an iterative calculation of the injected

is necessary in order to reach convergence of the load flow. The iterative

calculation of the injected power is shown in Figure 12.

Initial load-flow calculation

Calculate injected Power on the Basis of
SSSC-voltage and voltage of start and
end node

Calculate load-flow with injected Power

Check convergence criteria:
𝑈
,
𝑜 −𝑈
,

No

Yes
Result of load-flow calculation with fixed
SSSC-voltage
Figure 12: Iterative load-flow calculation
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At the beginning, an initial load flow calculation without SSSC-compensation is run in order to
determine the initial values of 𝑈 and 𝑈 . Based on the phase angle of the current flowing through
the SSSC and the requested compensation voltage 𝑈𝐶𝑜𝑚𝑝 as shown in Figure 9, the equivalent
powers 𝑆𝑖,

𝑜𝑚𝑝

are calculated. The power is then fed into the load flow and another load flow

calculation is executed. If the start and end voltage after this load flow calculation are smaller
than the convergence criterium δ, the load-flow calculation is convergent. Otherwise, an updated
equivalent power is calculated and the procedure is repeated until convergence is reached.
During the redispatch simulation (chapter 6.2) the optimised setpoint 𝑈𝐶𝑜𝑚𝑝 = 𝑈𝐶𝑜𝑚𝑝,𝑜𝑝

𝑖𝑚𝑖𝑧

is

determined for each installed SSSC. Based on the inverse Jacobian Matrix of the load flow
equations, the impact of a change in the compensation voltage 𝑈𝐶𝑜𝑚𝑝 towards overloaded
circuits can be calculated. With the aim to relieve all congestions in the network, the optimised
setpoints of the SSSC are calculated.
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