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1 dena Ancillary Services Study 2030:  Background and objectives. 

With the 2010 energy concept and the decision to accelerate the Energiewende (energy turnaround) in 

Germany in 2011, the German Federal Government committed to the objective of expanding the percent-

age of the gross electricity consumption supplied from renewable energy sources to at least 80 percent by 

2050. This objective is part of a far-reaching strategy to establish a secure, economical and sustainable 

energy supply, which takes into account the requirements of climate protection and the targeted reduc-

tion of Germany’s dependence on fuel imports between now and 2050. The objectives chosen brought 

about a major change of the power supply structure in Germany, which requires new solutions to provide 

ancillary services in future. These new solutions are necessary to guarantee reliable and stable operation 

of power supply grids. 

As part of the Energiewende (energy turnaround) in Germany, the electricity grids must be modified and 

expanded to facilitate the changes in the electricity generation structure, and to guarantee constant sup-

ply security in the future. The electricity transmission grid must be upgraded to transport large quantities 

of electrical energy from the main generation areas for onshore and offshore wind energy in the north and 

east of Germany to the main consumption areas in the south and west of Germany, and at the same time to 

permit increasing international transit as part of European electricity trading. Renewable energy systems 

are largely connected to the distribution grid, i.e. at high, medium and low-voltage levels. The energy 

generated is largely fed from the distribution grids into the transmission grids, and must often be trans-

ported over long distances. As a result, there is a significant need for expansion and innovation in the 

transmission and distribution grids in Germany to prevent overloading of the operating equipment and 

the permitted voltage limits being exceeded. 

Against this background, a review is needed of how secure operation of the power supply system can be 

organised under the new conditions. Conventional power plants, which today still largely provide the 

ancillary service products for stable grid operation, will be on-grid for fewer and fewer hours in future. The 

question as to how the scope and type of these ancillary service products must change to provide the an-

cillary services frequency control, voltage control, system restoration and system control.  

Relevance of ancillary services for the power supply system. 

In order to guarantee a high quality, reliability and security of electricity transmission and distribution, 

the system  operators continuously take measures to keep the frequency, voltage and load of the operating 

equipment within the permitted tolerances or to return them to the normal range after faults. These ser-

vices, which are essential to keep the supply of electricity functional, are called ancillary services. 

The products required for this are largely provided by power generation units or other technical 

systems. System operators use these products and provide ancillary services by deploying them ap-

propriately.  

Frequency control is implemented by transmission system operators by maintaining a balance between 

electricity generation and consumption. Transmission system operators can use the instantaneous reserve 

and balancing energy to do so.  
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Voltage control refers to the responsibility of the transmission and distribution system operators to main-

tain the grid voltage in a permissible range for the voltage quality. The system operators must also ensure 

that voltage drops are limited if a short circuit occurs.  

Re-establishing the power supply is used in the event of a widespread power failure. Then the transmis-

sion system operators, with the cooperation of the distribution system operators, must be in a position to 

restore the supply of electricity within a very short time.  

As part of system control, the system operators are responsible for organising secure grid operations. 

Therefore, they continuously monitor and control the electricity grid including generation and (to a lim-

ited extent) load for threshold violations (e.g. current flow overloads), in order to guarantee secure opera-

tion of the entire power supply system. 

To ensure the provision and availability of the ancillary services required for secure and stable operation of 

the electricity grids, the following options are used today: 

 Intrinsic system properties of electricity generators or consumers or properties required via grid connec-

tion codes or legal specifications 

 Flexible use of operating equipment of the system operators as part of system control 

 Services procured by system operators from third parties based on bilateral agreements or market 

mechanisms 

Table 1 provides an overview of the main ancillary service products and their providers. 

The transmission system operators have the superordinate responsibility for system stability, and 

must also coordinate with the other transmission system operators involved in the European integrated 

grid. 

System restoration is realised based on a specified process controlled by the transmission system opera-

tors in the event of a power failure. The respective distribution system operators are responsible for local 

grid faults which are restricted to the distribution grid. In the event of larger-scale failures which impact 

grids up to the extra high voltage grid, the transmission system operators are responsible for controlling 

the system restoration.  

System control and voltage control are the responsibility of the respective system operator, which must 

take into consideration the required specifications of the upstream system operators. 
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Ancillary 

service 
Frequency control Voltage control System restoration System control  

Objective  Maintenance of the 
frequency in the 
permitted range 

 Maintenance of the 
voltage in the per-
mitted range  

 Restriction of the 
voltage drop in the 
event of a short cir-
cuit 

 System restoration after 
faults 

 Coordination of the 
grid and system oper-
ations 

Products/ 

Measures 

 Instantaneous re-
serve 

 Balancing energy 

 Flexible loads 

 Frequency-
dependent load 
shedding 

 Active power reduc-
tion on exces-
sive/insufficient fre-
quency (RE and CHP 
plants) 

 Provision of reactive 
power 

 Voltage-related 
redispatch  

 Voltage-related load 
shedding 

 Provision of short 
circuit power 

 Voltage regulation 

 Switching measures to 
restrict the fault 

 Coordinated commission-
ing of feeders and sub-grids 
with loads 

 Black start capability of 
generators  

 Grid analysis, moni-
toring 

 Congestion manage-
ment 

 Feed-in management 
of RES 

 Coordination of the 
provision of ancillary 
services across grid 
levels 

Current 

providers 

(selection) 

 Conventional power 
plants 

 Flexible controllable 
loads 

 Balancing energy 
pools (including RE 
systems and large-
scale batteries) 

 Conventional power 
plants 

 Operating equip-
ment (e.g. reactive 
power compensator) 

 RE systems 

 Network control unit 

 Black start capable conven-
tional power plants 

 Pumped-storage power 
plants 

 Network control units 
in conjunction with 
operating equipment 
and conventional 
power plants 

Table 1 - Classification of current ancillary service products. 

Please note here that for supply security, irrespective of the provision of ancillary services, a suffi-

ciently dimensioned secure generation capacity will have to be maintained in the future
1

 to meet 

the electricity demand if there is a generation shortfall from renewable energy sources due to 

weather conditions.  

Ancillary Services Study 2030: Objectives. 

The objective of the present study is to identify the need for action to guarantee secure and reliable grid 

operation between now and 2030 in a power supply system with a high percentage of electricity genera-

tion from fluctuating renewable energy sources. The study focuses on the power supply system in Germa-

ny taking the European integrated grid and international electricity trading into consideration. 

 

 

                                                                                 

1The secure generation capacity for guideline scenario B2033 of the 2013 Network Development Plan is roughly 96,000 MW with an 
annual maximum load of 84,000 MW. 
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The following key questions were examined as part of the study: 

 How will the requirements and the demand of ancillary services to be provided develop between now 

and 2030? 

 What contribution can and should innovative technological solutions (in particular via renewable ener-

gy sources, inverters, grid technology, demand-side management and electricity storage units) make to 

the provision of ancillary services in future? 

 To what extent can the minimum generation capacity from conventional power plants currently re-

quired to provide ancillary services be reduced? 

Study design. 

This dena Ancillary Services Study 2030 was produced by the Deutsche Energie-Agentur (dena) – the Ger-

man Energy Agency in close interdisciplinary cooperation with transmission and distribution system op-

erators, manufacturers and project developers for renewable energy and manufacturers of grid and sys-

tem technology. 

dena initiated and headed up the study project. The study was designed by dena and coordinated with the 

group of experts from the companies involved in the project steering group. 

The following members were represented in the project steering group as sponsors of the study: 50Hertz 

Transmission GmbH, ABB AG, Amprion GmbH, BELECTRIC Solarkraftwerke GmbH, E.DIS AG, ENER-

CON GmbH, EWE NETZ GmbH, Mitteldeutsche Netzgesellschaft Strom mbH, N-ERGIE Netz GmbH, 

Netze BW GmbH, SMA Solar Technology AG, TenneT TSO GmbH, TransnetBW GmbH, Westnetz 

GmbH, Younicos AG. In addition to this, RWE Deutschland AG and Statkraft Markets GmbH took part in 

the meetings of the project steering group as guests. 

The research partner involved was ef.Ruhr GmbH under the leadership of Prof. Dr.-Ing. Christian Re-

htanz. The ef.Ruhr GmbH performed the quantitative and qualitative analyses. The project steering group 

discussed and checked the methods used and the results. 

2 Scenario assumptions for the power supply system in 2030. 

For the investigations in this study, Scenario B from the 2013 Network Development Plan was assumed for 

the 2033 study year. Any time “Ancillary services in 2030” is mentioned in this study, this refers to the study 

year 2033. 

The analyses in this study assume that the installed renewable energy capacity for electricity generation 

will almost triple between 2013 and 2033. Onshore wind with an installed capacity of 66.3 GW, photovolta-

ics with an installed capacity of 65.3 GW and offshore wind with an installed capacity of 25.3 GW are the 

dominant generation technologies in this scenario. 

For the conventional power plant fleet, the 2013 Network Development Plan predicts that the nuclear 

power phase-out will be complete by 2022, and that many gas power plants will be built. Overall, an in-

stalled conventional generation capacity of approx. 76 GW is assumed for 2033. 
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Installed generation capacity in Germany in the study year (total: 259 GW)  

Lignite 
Hard 
coal 

Natural 
gas 

Pumped-
storage 

Others  
Onshore 

wind 
Offshore 

wind 
Photovoltaics 

Hydroelectric 
power 

Biomass and 
others 

12 GW 20 GW 41 GW 11 GW 3 GW 66 GW 25 GW 65 GW 5 GW 11 GW 

Table 2 - Installed generation capacity in the study scenario (Source: Scenario framework of the 2013 

Network Development Plan). 

Even if changing political stipulations result in deviating expansion and development targets, the trends 

and the need for action revealed will largely remain unchanged as the expansion of renewable energy 

progresses.  

For other European countries, the assumptions of the Scenario Outlook & Adequacy Forecast (ENTSO-E 

2013) published in 2013 were assumed for the composition of the electricity generation mix. This analysis 

predicts a moderate expansion of renewable energy sources for other European countries compared with 

Germany.  

The renewable generation capacities were allocated to individual grid nodes or regions in the grid model 

based on a number of criteria. Among other factors, an increase of the installed renewable energy capacity 

at current locations (e.g. repowering of onshore wind) and the construction at new locations particularly 

suitable for generating electricity are incorporated. As part of the analyses, the power plant use is calcu-

lated with hourly precision using a market-based model. 

The transmission grid model used for the analyses in the dena Ancillary Services Study 2030 incorporates 

the expansion of the extra high voltage grid with three-phase and alternating current connections in ac-

cordance with the 2013 Network Development Plan, and the measures in the ENTSO-E Ten-Year Network 

Development Plan 2012 (TYNDP) for the further grid upgrades in Europe.  

As part of the Network Development Plan for the extra high voltage grids, state of the art technologies are 

to be implemented by the transmission system operators (e.g. reactive power compensators for voltage 

control) in accordance with the regulatory framework. Determining the need for expansion and modifica-

tion of the electricity transmission grid in the Grid Development Plan, the need for reactive and short cir-

cuit power for static and dynamic voltage control was analysed in detail as part of grid planning. 

Based on the results of the Network Development Plan, this study examines all ancillary services required 

for secure and stable grid operation across all grid levels, and evaluates the potential of all (i.e. even new) 

innovative technology solutions for their provision (e.g. provision of reactive power and emulation of in-

stantaneous reserve with renewable energy). Accordingly, the dena Ancillary Services Study 2030 is an 

important and forward-looking addition to the existing Grid Development Plan. The economic forecasts 

made in the study permit an initial classification of the alternatives available for efficient provision of the 

ancillary services.  
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Ancillary service products (e.g. primary balancing energy for frequency control) are currently utilised 

jointly by the participating transmission system operators, and will continue to be in future. However, for 

physical reasons, there is automatic mutual support in the European integrated grid for other ancillary 

services (e.g. instantaneous reserve for frequency control). 

As a boundary condition, the requirement for all analyses performed in this study was that the technical 

alternatives studied for future provision of ancillary services must be provided in a manner and volume to 

guarantee the current level of system stability in Germany and Europe in future, too. 

All analyses of the dena Ancillary Services Study 2030 were also made under the boundary condition 

that Germany will continue to fulfil its share of the system responsibility in the European integrat-

ed grid at a constant level compared with the current situation, and that the system support re-

sponsibility is not to be transferred to European partners. 

3 Frequency control in 2030. 

For stable operation of the power supply system, the power fed must correspond with the electricity con-

sumption in the grid at all times, taking the import/export balance into account. The balancing group 

managers should ideally ensure fully balanced planning and react in the event of deviations within their 

respective balancing group. 

In the event of deviations between generation and consumption, the frequency increases or decreases. 

The transmission system operators must ensure that the balance is restored immediately so that the target 

frequency of 50 Hz is maintained again. 

The instantaneous reserve and the balancing energy are particularly important and are analysed in detail 

in this study. To maintain the frequency, transmission system operators can use contractually agreed flexi-

ble loads, or demand further adjustments from electricity suppliers and consumers in emergencies. Fre-

quency-dependent load shedding, i.e. automatic gradual disconnection of loads from the grid, is used as a 

final security measure in the event of insufficient frequency. In the event of excess frequencies, electricity 

feed-in is throttled. 

3.1 Instantaneous reserve. 

Before balancing energy is technically fully available to equalise generation and consumption due to the 

activation times, rapid frequency changes are attenuated in the short term due to the inertia of the rotat-

ing masses of generators in the conventional power plant fleet. The capability of counteracting frequency 

changes by absorbing or feeding kinetic energy is referred to as instantaneous reserve. 

In order to check whether there is sufficient kinetic energy in the system as an instantaneous reserve, a 

load or generation step of 3,000 MW is assumed as the design case for the current European integrated 

grid. In such cases, the instantaneous reserves must attenuate the resulting frequency change sufficiently 

before primary regulation sets in, so that the permitted frequency range of 50 Hz +/- 0.8 Hz (short-

term/dynamic) or 50 Hz +/- 0.2 Hz (stationary) is not exceeded. 
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Development of the need for instantaneous reserve until 2030. 

In terms of the development of the demand for instantaneous reserve by 2030, it can be assumed that the 

currently standard design case for grid support with a capacity change of 3,000 MW (equivalent to the 

failure of a double power plant block) will remain adequate.  

The introduction of more renewable energy systems with generally smaller system sizes will not reduce 

the design case of 3,000 MW by 2030. The design criterion applies in the entire synchronous integrated 

grid of ENTSO-E. In 2030, there will still be a sufficient number of large-scale power plants (which deter-

mine this design criterion) in operation – based on the assumed generation scenario for Germany and 

Europe. Even taking the connection of offshore wind farms, construction of HVDC lines in the integrated 

grid and the existence of electricity distribution grids with a high installed capacity from renewable ener-

gy sources, there will be no need to increase this design criterion. This is based on the assumption that the 

planning principle for grid design, i.e. that no capacity steps of over 3,000 MW can occur during failures, 

will be retained in future. 

As the renewable energy systems which feed in via inverters cannot contribute to the instantaneous re-

serve without additional technical measures, Germany’s contribution to system support in the integrated 

grid would be far lower in 2030 in situations with a high RE feed-in unless countermeasures are taken. 

Germany’s involvement in the instantaneous reserve and the need for alternative provision of instantane-

ous reserve to keep the contribution constant until 2030 is summarised in Figure 1. For 2011, the model 

calculations in this study show a contribution of the German balancing zones to a capacity step of 

3,000 MW with a braking power of 372 MW and a kinetic energy of 0.95 MWh. Without the provision of 

instantaneous reserves from alternative sources, this contribution would reduce to roughly one third by 

2030 during certain hours of the year. Until the limit value of the maximum dynamic frequency deviation 

of 49.2 Hz, there remains a sufficient safety margin of 0.25 Hz. To operate the power supply system as stably 

as in 2011 in future, i.e. to keep Germany’s contribution to the instantaneous reserve constant, in 2030 at 

times of high RE feed-in or low conventional generation, a capacity difference of roughly 254 MW and a 

kinetic energy of 0.68 MWh must be provided for the instantaneous reserve via suitable alternative tech-

nologies. 
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Figure 1 - Provision of the German share of instantaneous reserve. 

Alternatives for provision of instantaneous reserve. 

Renewable energy sources – especially wind turbines and large ground-mounted solar power plants – as 

well as battery storage capacities can already be technically equipped to contribute to the instantaneous 

reserve. In this case, the power electronics of the systems’ feed-in inverters emulates the inertial properties 

of an electromechanical synchronous generator. 

Inverters must be able to absorb and output energy in order to provide instantaneous reserve. The main 

technical solutions which could potentially be used for this are throttling wind turbines or photovoltaic 

systems, using battery storage capacities or the inertia of wind turbines (emulation of instantaneous re-

serve). As throttling fluctuating renewable energy would lead to a long-term loss of active power, and ad-

ditional investments would be required to build battery storage for instantaneous reserve
2
, using the iner-

tia of wind turbines is the most efficient alternative. The studies assume that a wind turbine with an aver-

age system capacity of 2 MW can provide a braking capacity of up to 0.2 MW, and thus kinetic energy of up 

to 0.55 kWh by using the inertia of the wind turbine. In 93 percent of all hours studied in 2030, the instan-

taneous reserve provided in this way by wind turbines would be sufficient to keep Germany’s contribution 

to the instantaneous reserve in the European integrated grid constant at the present level. In the remain-

ing 7 percent of hours, there are sufficient power plants connected to the grid to provide the required 

braking capacity and kinetic energy for the stability of the electricity grids missing due to the lack of wind 

feed-in. 

Recommended actions. 

In order to enable Germany to fulfil its system responsibility in the European integrated grid reliably and 

fully in future, suitable alternative technological solutions are required to provide the instantaneous re-

                                                                                 

2 If battery storage are already available in the grid for other reasons (e.g. to provide primary balancing capacity), they can be incor-
porated for the instantaneous reserve. 
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serve in future in parallel to the further expansion of renewable energy. To implement this, the regulatory 

framework conditions must be adapted such that decentralised energy units can contribute to the provi-

sion of instantaneous reserve in future. In particular, in a first step, the conditions required for a provision 

of instantaneous reserve via large-scale wind turbines (emulation of instantaneous reserve) must be creat-

ed. In the longer term, the extent to which the integration of other alternative providers (throttling decen-

tralised energy units, battery storage) is necessary/economically viable and must be examined. 

3.2 Balancing energy. 

In order to compensate the excess generation or load which occurs over all balancing groups, the trans-

mission system operators use positive or negative balancing energy. They purchase the balancing energy 

in the three product qualities – primary and secondary control and minute reserve3 – via a regular market-

based auction process. Potential providers on the balancing energy market are subjected to a pre-

qualification process before participating to prove that the planned generation units or flexible loads have 

the required availability, reliability and controllability. 

Development of the demand for balancing energy until 2030. 

Assuming the generation scenario in the 2013 Network Development Plan, the assessment of the demand 

for balancing energy reveals a significant increase in the secondary balancing energy and minute reserve 

to be provided. In particular, the effect of generation forecasting errors which grows with the installed 

renewable energy capacity affects the demand for balancing energy. Assuming a constant forecast preci-

sion for RE feed-in, the demand for negative minute reserve capacity will increase approximately 70 per-

cent and the demand for positive minute reserve capacity will increase by approximately 90 percent. The 

demand for secondary balancing energy will increase to a lesser extent (approx. 10 percent for negative 

and 40 percent for positive secondary balancing energy), however the increased occurrence of major wind 

flanks leads to the assumption of more frequent activation of the secondary balancing energy. 

The dimensioning processes used today measures the demand for balancing energy on a quarterly basis. 

The increase of the average balancing energy demand required between now and 2030 can be restricted 

(see Figure 2) if in future an adaptive dimensioning process were used for balancing energy demand, e.g. 

for the previous day, and calculated based on the actual forecasts for load and feed-in of renewable energy. 

Note that even if the adaptive process is used, there will be individual days with high electricity feed-in 

from renewable energy sources with almost double the demand for minute reserve in 2030 compared 

with the present-day demand. 

                                                                                 

3 Primary control is used to stabilise the system where there is only a brief power deficit or surplus. It is provided in a way of solidarity 

by all synchronously connected TSOs inside the UCTE area and has to be activated within 30 seconds. The time period of availability 
per single incident is up to 15 minutes. 
If a longer disturbance occurs, secondary control is automatically activated within 5 minutes. The time period of availability per 
single incident is between 30 seconds and 15 minutes. 
If the power flow deviation lasts for an extended period (more than 15 minutes) secondary control gives way to minute reserve. The 
latter is activated by a telephonic or schedule-based request of the affected TSO at the respective suppliers. In case of a telephonic 
request, the minute reserve has to be activated within 15 minutes after the phone call. 
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Figure 2 - Estimating the future demand for balancing energy. 

Alternative providers of balancing energy. 

In the present-day power supply system, balancing energy is largely provided by conventional power 

plants including pumped-storage plants. Alternative providers, some of which already market their capac-

ity on the balancing energy market, include balancing energy pools comprising biogas plants, emergency 

electricity generators and large-scale batteries, as well as particularly energy-intensive industrial compa-

nies with flexible loads. Other alternative providers which have the fundamental capability to provide 

balancing energy include remote-controlled wind turbines or photovoltaic systems, and smaller genera-

tion systems (e.g. small-scale CHP plants) and loads (e.g. connection of flexible electricity loads). 

In future, there will be more periods when the electricity feed-in from renewable energy sources will ex-

ceed the consumption in Germany. Then, there will be very few or no conventional thermal power plants 

on the German grid due to market signals. The study reveals that in 2030, market forces will dictate that 

during certain hours, there will not be enough conventional power plants to provide balancing energy. 

There are alternatives for the provision of all balancing energy products which can meet the demand, 

even in these hours.  

Economic viability of alternative provision of balancing energy. 

The study shows that there are technical options with sufficient potential. Compared with exclusive utili-

sation of conventional must-run capacity for balancing energy provision, using alternative providers is 

more economical. The study results indicate that large-scale batteries are the most economically viable 

alternative of those considered for primary balancing energy. There are a variety of possible alternatives 

for secondary balancing and minute reserve energy. The extent to which the respective alternatives can 

actually be developed and utilised to provide balancing energy must be derived from the supply and de-

mand on the balancing energy market. 
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Recommended actions. 

In order to avoid a conventional must-run capacity in order to provide balancing energy in the medium 

term, and thus also improve the system integration of renewable energy, the conditions for providing bal-

ancing energy from alternative sources should be improved. To do so, we must evaluate the extent to 

which product characteristics and pre-qualification requirements can be adapted to facilitate the market 

entry of new providers of balancing energy from e.g. renewable energy sources, flexible loads and electric-

ity storage units, and meet the changing system requirements (e.g. steep flanks). In this context, a reduc-

tion of the tender periods for primary and secondary balancing energy must also be reviewed. 

At the same time, technical and organisational solutions must be developed to permit coordination of 

increased provision of balancing energy via decentralised energy systems from the distribution grid, tak-

ing the local grid conditions into account.  

In addition to this, the implementability of the adaptive assessment process must be reviewed, for exam-

ple to determine and tender the probable balancing energy demand for the next day based on the previ-

ous day. 

4 Voltage control in 2030. 

With regard to the security and reliability of the electricity system, the stability and the level of the grid 

voltage must be guaranteed both in normal operation and in the event of failures. At the same time, to 

cope with voltage drops in the event of major failures, sufficient short circuit power must also be provided, 

among other things. In addition to this, stable system properties in normal operation and during failures 

also depend on suitable coordination of the voltage controllers in the electricity grid. 

4.1 Provision of reactive power for static voltage control. 

For stable grid operation and to protect people, operating equipment and end consumer devices, the volt-

age is kept in the permitted voltage range of +/- 10 percent of the nominal voltage at the end consumer via 

a variety of means. That is currently largely implemented via grid planning and operationally via provi-

sion of reactive power by conventional power plants and intentional stepping of transformers. In addition 

to this, reactive power compensators and voltage controllers are used in the electricity grid. Some of the 

redispatch measures in the transmission grid are taken for voltage control reasons. 

Development of the demand until 2030. 

Due to the increasing transport distances and international power transit, the demand for reactive power 

in the transmission grid will increase significantly by 2030. The reactive power range to be provided at the 

extra high voltage level, i.e. the range of reactive power demand at the respective grid nodes at different 

times, will increase overall.  

With the increasing fluctuating feed-in of renewable energy and the increasing use of underground ca-

bles, the demand for regulating reactive power and thus voltage is growing to prevent violations of the 

permitted voltage range and restrict the grid expansion requirements. 
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Alternative provision of reactive power. 

By 2030, an increasing number of alternative solutions to the current provision of reactive power in the 

power supply system via conventional power plants will be required. From a current perspective, the fol-

lowing alternatives are technical options to meet the demand for reactive power in the electricity grid: 

 Installation of additional reactive power compensators (inductors, capacitors, SVCs and STATCOM4) 

 The inverter stations of the planned high voltage direct current (HVDC) transmission lines 

 Reactive power provision from decentralised generation systems in the electricity distribution grids 

 Modification of disused power plants for phase shift operation, equipping new power plants for decou-

pled phase shift operation and building standalone phase shifters 

In addition to this, voltage problems can also be solved via redispatch, i.e. starting individual power plants 

which then regulate voltage, if the demand only arises in individual hours and corresponding generation 

systems are available. 

The analyses show that in the studied sample electricity distribution grids, targeted controllable provision 

of reactive power from wind turbine and photovoltaic system inverters, which is possible irrespective of 

the active power feed-in, technically permits reactive power-neutral operation at all distribution grid lev-

els. This reduces the strain on the transmission grid, which was previously used to exchange reactive pow-

er in the distribution grid. The available potential of the provision of reactive power by renewable energy 

sources in the high voltage grid (110 kV level) in 2030 can also be used to meet the reactive power demand 

of subordinate grid levels, in addition to its own demand. In addition to this, the grid regions examined in 

the study have the potential to provide reactive power from the high voltage grid for the superordinate 

extra high voltage grid. 

However, results from studying individual grids cannot be extrapolated to indicate the availability and 

total calculated potential to provide reactive power. This must be calculated in individual cases for specific 

grid nodes taking the grid topology and the connected generation systems into account. A major influenc-

ing factor on the ability to provide reactive power from the electricity distribution grids for the transmis-

sion grid is the position of the grid connection points of the renewable electricity generation systems. The 

nearer these systems are to the transformer, the better they can be used to provide reactive power for the 

superordinate grid level, and the loads on the grids are reduced. For decentralised provision of reactive 

power, the incorporation of the tap changers from transformers to the upstream grid must be taken into 

account in the control concept. 

Economic viability of alternative provision of voltage control 

From an economic perspective, the converter stations of the planned HVDC lines are initially to be used to 

provide reactive power in the transmission grid. A redispatch can be implemented at grid nodes with re-

maining reactive power demand in individual hours only, if conventional power plants are available. For 

more frequent reactive power demand at grid nodes or if there is no local availability of suitable power 

                                                                                 

4 SVC = Static Var Compensator, STATCOM = Static Synchronous Compensator. 
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plants for redispatch, the most economical and currently established technology available is to build reac-

tive power compensators.  

Further provision of reactive power for the extra high voltage grid via decentralised energy units from the 

distribution grid can be an alternative to building reactive power compensators. For this, the correspond-

ing requirements must be available locally (presence of sufficient capacity from decentralised energy 

units, grid topology and capacities). In addition, an evaluation is required in individual cases as to whether 

the provision of reactive power via decentralised energy units is more economical than building and op-

erating a compensation system. The study sees considerable potential for decentral provision of reactive 

power which also appears economically viable. This applies in particular for large ground-mounted solar 

power plants and wind farms. Taking the above mentioned requirements into consideration, continuous 

provision of minimum generation from conventional power plants is not necessary to meet the demand 

for reactive power. 

Recommended actions. 

With the increasing shift of electricity generation to the distribution grids5, optimisation of voltage con-

trol by providing reactive power from decentralised generation systems at all distribution grid levels must 

be assessed under technological and economic aspects. Where it makes sense, a reduced transfer of reac-

tive power between the grid levels should be the goal, to relieve the strain on the overlying grid levels and 

in particular the electricity transmission grid. The resulting costs must be economically acceptable both 

for the system operators and the operators of decentralised energy units. 

The provision of reactive power via the inverter stations of the planned HVDC lines, should become a fixed 

component of coordination of voltage control in the transmission grid.  

When planning the grid, the option of providing reactive power from the high voltage grid for the extra 

high voltage grid from RE systems is to be assessed as an alternative to building new reactive power com-

pensators.  

4.2 Provision of short circuit power for dynamic voltage control. 

The provision of sufficient short circuit power is necessary to guarantee secure response to short circuit 

events by the corresponding protective devices. Further, short circuit power is needed to guarantee the 

transient stability of electric machines and to restrict the voltage drop to an area as small as possible if a 

failure does occur. However, the short circuit power may not be excessively high, as otherwise operating 

equipment could be damaged due to excessive short circuit currents and power switches may not be able 

to securely deactivate the high short circuit currents in the event of a failure. 

                                                                                 

5 In 2012, 96 percent of all electricity generation systems based on renewable energy were installed in the electricity distribution 
grids. 
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Development of the availability between now and 2030. 

The analyses of the short circuit power available in future show that by 2030, the range between the min-

imum and maximum short circuit power will hardly change from today’s levels, taking the assumptions 

made into account. However, significant changes can be observed at individual grid nodes compared with 

today. The procurement of short circuit power from other countries will not increase significantly overall 

in spite of the changes in the power supply between now and 2030. However, the countries of origin could 

change. 

Systems connected via inverters contribute to the short circuit power to the amount of their operating 

current. The short circuit power available in 2030 is therefore subject to major weather and time-

dependent fluctuations. In individual cases, a review is required to assess whether the protection concept 

permits this bandwidth. 

Provision of short circuit power can be homogenised regionally with renewable energy plants, by ena-

bling the provision of short circuit power from inverters even without active power feed-in. This results in 

a decoupling from the weather and time-dependent availability of systems for short circuit power. 

Recommended actions. 

With regard to the regulatory framework of grid operation, conditions must be created to allow system 

operators to claim short circuit power from the renewable energy electricity generation plants even in 

times when there is no active power feed-in.  

In addition to this, an analysis is also required of the effects the short circuit power changes have on the 

existing protection concepts and other operating aspects of the system operators. 

5 System restoration  in 2030. 

According to the current regulations, in the event of a full or widespread power failure in the European 

integrated grid, the system restoration is implemented using a central concept by starting large-scale 

power plants with black start capabilities in the transmission grid. At the start of the grid re-establishment 

process, temporary standalone grids are established around these power plants with black start capabili-

ties. Large-scale hydroelectric power plants (especially pumped-storage) and gas turbines are current ex-

amples of black start capable power plants, which can be started with batteries or emergency power sys-

tems even in the event of a blackout. Loads are added while connecting further generation capacity. Build-

ing on that, the standalone grids are gradually synchronised and connected as part of the re-

establishment. 

Development of the demand until 2030. 

In order to guarantee the supply security, a sufficiently dimensioned secure generation capacity will still 

be required. In accordance with the scenario framework for the 2013 Network Development Plan, there 
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will still be sufficient pumped-storage and gas power plants to implement the current concept of central 

system restoration also in 2030.6 

Before connecting further grid areas during the re-establishment of power supply, the extent to which 

electricity consumption or electricity generation are being supplemented must be known. Therefore, the 

weather situation and other generation-relevant forecasts must be incorporated in the power supply re-

establishment concept. In addition to this, for a controlled re-establishment of the grid, the communica-

tion technology option of intentionally throttling the electricity generation from decentralised genera-

tion systems is necessary to avoid difficult to predict load changes when reconnecting grid lines or after-

wards. 

Alternative concepts for re-establishing the power supply. 

As an alternative, the present study examines the options of decentralised concepts for re-establishing the 

grid. Following this concept, in the event of a widespread failure of the European integrated grid, individ-

ual electricity distribution grids autonomously permit the supply of the loads based on local generation. 

After elimination of the cause of the failure, the individual standalone grids are then connected and syn-

chronised with each other in order to form the integrated grid again. As re-establishment of the grid is 

only needed extremely rarely, implementing a decentralised concept would mean to implement a highly 

complex and cost-intensive system is implemented in this case, which is only used in very rare cases. That is 

why a decentralised grid re-establishment concept is inefficient from a macroeconomic perspective. 

Recommended actions. 

Due to the extreme technical complexity and the associated investment costs, decentralised system resto-

ration is not recommended for the future. Where corresponding options are planned by initiatives of in-

dustrial grids or individual municipal utility companies for standalone operation in subordinate grid lev-

els, they should be incorporated in the superordinate supply re-establishment concept. Corresponding 

technical regulations must be issued for this. 

In order to guarantee the supply security, it must be ensured that a sufficient amount of secured power 

plant capacity continues to be available in Germany. Centralised grid re-establishment should be imple-

mented on the basis of these power plants, some of which need to be black start capable. 

Technical solutions must be available to transmission and distribution system operators to control or limit 

decentralised energy systems after a grid collapse for a controlled re-establishment of the grid, even if 

public communication networks are not available at the time. Alternatively, the grid connection codes 

must ensure that generation units’ responses after a blackout are suitable for a controlled system restora-

tion. 

                                                                                 

6 Note that the conventional power stations listed in the 2013 Network Development Plan are based on an exogenous assumption. 
Against the background of the decreasing economic viability of conventional power stations in today’s electricity system, and  the 
present uncertainty on the future energy law conditions, it is impossible to forecast the conventional power station capacities actual-
ly available in 2030. 
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6 System control in 2030. 

As part of system control, system operators are responsible for monitoring and, where necessary, control-

ling the electricity grid and all connected generation units to guarantee safe operation of the overall sys-

tem. The responsibilities of the transmission system operators include organising the use of balancing 

energy to maintain the frequency, voltage control and congestion management in the transmission grid 

as well as coordinate the grid re-establishment after failures. In their respective grids, the distribution sys-

tem operators are responsible for voltage control, congestion management, elimination of local faults and 

the system restoration coordinated by the transmission system operators, and support the measures of 

upstream system operators. 

Development of the system control requirements. 

With the increasing integration of volatile renewable energy sources, primarily at the distribution grid 

level, the increased provision of ancillary service products in the distribution grid, the planned hybrid 

structure of the transmission grid comprising alternating current and direct current, and the increasingly 

multi-regional exchange of energy in the European electricity market, the requirements for system con-

trol of the electricity grids are growing at all voltage levels.  

Due to the rising number of decentralised energy units, largely connected to the electricity distribution 

grids, the need for information and control in grid operation to guarantee system stability is also growing. 

It is expected that in future, an increasing number of innovative operating equipment (e.g. voltage regu-

lated transformers in distribution grids or SVC in transmission grids) will be used to facilitate a cost-

efficient expansion of the electricity distribution and transmission grids in Germany. There are also vari-

ous technical options, e.g. overhead line monitoring and load flow control via FACTS7, which can be used 

to guarantee optimised operation of the grid. 

With a further dynamic expansion of the fluctuating renewable energy sources, it is expected that the 

need to control critical grid situations with congestion management, feed-in management of renewable 

electricity generators and switchable loads will increase in future. At the same time, these technical and 

organisational options will be implemented to an increasing extent to restrict the future grid expansion 

requirements, if the legal conditions are created to allow this. 

Note also that the increasing shift of electricity generation into the distribution grids results in increasing 

need for coordination between the transmission system and distribution system operators. One example 

of this is the required coordination between the transmission system operators responsible for frequency 

control and the distribution system operators whose grid areas are to provide balancing energy for the 

respective balancing zone via decentralised energy units or flexible loads. 

Solutions. 

The analyses of this dena study show that grid stability via ancillary services in 2030 can be guaranteed on 

the basis of the operating equipment existing in the transmission grid or the additional operating equip-

                                                                                 

7 FACTS = Flexible AC Transmission Systems 
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ment planned in the 2013 Network Development Plan, in conjunction with utilisation of large-scale re-

newable generators, in particular at a high-voltage level, large-scale batteries and with larger flexible 

industrial loads. The conventional control technology available today is generally suitable for controlling 

these large units. If, in addition to this, a large number of decentralised units must be integrated at a me-

dium and low-voltage level to provide ancillary service products for technical and organisational reasons, 

a broad-based standardised information and communication infrastructure must also be available. The 

costs and benefits of such a solution must be assessed in detail. 

The increasing percentage of generation units in the electricity distribution grids and increasing provi-

sion of ancillary service products by these units require increasing coordination in system control between 

the transmission and distribution system operators and an expansion and standardisation of data and 

information transfer between the system operators involved. 

Recommended actions. 

Based on the fundamental need to expand the transmission and distribution grids to integrate renewable 

energy sources, the distribution system operators in particular must be allowed from a regulatory stand-

point to make a technical and economic decision whether to invest in further grid expansion or optimise 

grid operation using stabilising interventions in generation and consumption. 

For the necessary provision of ancillary service products from the distribution grid and the increasingly 

varying grid states, monitoring capabilities, in particular in the lower grid levels, must be expanded to 

guarantee secure and efficient system control operations management. This results in new responsibilities 

and tasks for data collection, evaluation, simulation and management of grid states. For this purpose, ex-

isting processes must be adapted and expanded, and new tools must be developed. 

Implementation of the design and planning of the planned Energieinformationsnetz (energy information 

network) should be continued rapidly, to permit the transfer of information on the load, grid and genera-

tion situation between the system operators.  

In order to make ancillary service products from the distribution grid useful for the transmission grid to 

the extent necessary and appropriate from an overall economic perspective, taking grid restrictions into 

account, the operative interaction between the transmission grid, distribution grid and plant operators 

should be developed further. 

7 Summary. 

The German Federal Government has decided to continue to expand renewable energy to reach 80 per-

cent of the power supply in 2050. The path taken significantly changes the requirements and the technical 

and economic options available to provide ancillary services to guarantee a secure and stable operation of 

the electricity grids between now and 2030. 

There are sufficient technical solutions for all kinds of system solutions now to guarantee the current level 

of system security, reliability and high quality of the power supply system in the future, too. Decentralised 

energy units and operating equipment can and must provide ancillary service products at a far higher 
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level, as conventional power plants, which primarily meet our need for ancillary services today, will have 

far shorter operating hours in future.  

With regard to the lead time to implement the solutions and the goals set for further speedy expansion of 

electricity generated from renewable energy sources, the requirements for using economically appropri-

ate technical alternatives to provide ancillary service products must be created at an early stage. The need 

to use the alternative products presented in the study to provide ancillary services must be implemented 

gradually via the solutions discussed as part of the Energiewende (energy turnaround), in order to guaran-

tee system security continuously in the electricity system.  

In order to guarantee the same level of system stability in 2030 as today, the members of the dena Ancillary 

Services Study 2030 project steering group recommended the following actions: 

 The regulatory framework must be adapted to ensure that future renewable energy-based electricity 

generation systems, especially wind turbines and ground-mounted solar power plants, as well as large-

scale batteries are equipped to provide instantaneous reserves, so that Germany can fully fulfil its system 

responsibility in the European integrated grid at all times. The exact scope of the systems to be involved 

and the need to retrofit the existing systems must be reviewed.  

 With regard to the characteristics of the balancing energy market, the extent to which pre-qualification 

requirements, tender periods and lead times between the tender and provision period can be adapted to 

allow new providers of balancing energy from decentralised energy units and flexible electricity loads to 

enter the market, must be assessed. At the same time, solutions must be developed to permit coordina-

tion of increased provision of balancing energy via decentralised energy systems from the distribution 

grid, taking the local grid conditions into account. Further, the determination of the demand for balanc-

ing energy should be made more dynamic to allow a daily changing dimensioning of the balancing en-

ergy demand as it is increasingly influenced by the weather-dependent electricity feed from renewable 

energy sources. 

 The grid connection codes and the technical capabilities of the systems must be refined to allow larger 

decentralised energy units in particular to provide reactive power whether they are feeding active pow-

er or not. The exact scope of the systems to be involved and the need to retrofit the existing systems must 

be reviewed. The option of coordinated reactive power provision from decentralised energy units can be 

used to optimise the demand for grid expansion in the electricity distribution grids. Furthermore, the 

option of demand-appropriate transfer of reactive power between the high and extra high voltage grid 

should be reviewed as an alternative to building reactive power compensators. 

 The existing grid re-establishment concepts based on black start capable conventional power plants 

should be retained and developed in future. Suitable instruments must be created to enable system op-

erators to control the fluctuating generation capacity from renewable energy sources appropriately 

during re-establishment of the grid. 

 For increased use of ancillary service products from decentralised energy units in the electricity distribu-

tion grids, coordination and suitable exchanges of information between the system operators are re-

quired. For this purpose, the existing cascade principle of passing on requirements and information be-

tween upstream and downstream system operators must be upgraded. Every system operator remains 
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responsible for the security, reliability, system control and voltage control in its grid area. The transmis-

sion system operators will continue to bear the superordinate system responsibility for coordinating 

grid operation in the European integrated grid. In future, the distribution system operators will have 

additional responsibilities for data processing, simulation and management.  

 The implementation of future-proof solutions to provide ancillary services in an electricity supply sys-

tem with a high percentage of renewable energy must already start now to identify technically and eco-

nomically optimised solutions today, and ensure that they are available reliably by 2030. Note in particu-

lar that required adaptations to the grid connection codes for various elements of the power supply sys-

tem must be examined and implemented if necessary, to avoid potentially cost-intensive retrofitting 

measures at a later stage. Sufficient transition periods for design and pilot tests must also be incorpo-

rated when introducing new systems and processes. 

 The costs for maintaining and providing ancillary service products must be economically bearable both 

for the system operators and the operators of decentralised energy units and flexible loads. Fundamen-

tal properties of generation systems and controllability must be required and ensured as part of the fur-

ther development of grid connection codes. Further provision of ancillary service products and associat-

ed expenses must be made economically viable with a suitable compensation system. Investments and 

ongoing operating expenditures required on the part of the system operators for secure and stable grid 

operation in a power supply system with an increasing proportion of renewable energy sources (e.g. grid 

monitoring and development of system control tools) must be incorporated suitably in the regulatory 

framework. 
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8 Appendix 

The changes until 2030 described in the previous sections and the optional and alternative measures for ancillary services are  

summarised in the following table. 
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 Significantly lower con-
tribution by conven-
tional power plants 

 Without alternative 
providers, support from 
the European integrat-
ed grid would be re-
quired 

 Demand for secondary 
balancing energy and 
minute reserve increas-
es 

 At times, conventional 
power plants will not be 
able to meet this de-
mand 

 The demand for reac-
tive power in the 
transmission and dis-
tribution grids increas-
es 

 Increased demand for 
reactive power control 
in the distribution grid 

 Bandwidth of the short 
circuit power available 
in future will hardly 
change 

 Major time-dependent 
fluctuation at all grid 
levels due to decentral-
ised energy units 

 There are sufficient black 
start capable power plants 
to retain the central power 
supply re-establishment 
concept 

 Increasing complexity 

 Increased need for conges-
tion and feed-in manage-
ment 

 Increased need for coordi-
nation between transmis-
sion and distribution sys-
tem operators 
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 Wind turbines 

 Large-scale ground-
mounted solar power 
plants 

 Storage capacities  

 There are alternative 
providers for all types of 
balancing energy, 
which can cover the fu-
ture demand 

 Reactive power com-
pensators 

 HVDC inverter stations 

 Phase shifters 

 Power plants in phase 
shift operation 

 Provision from decen-
tralised energy plants 
in the distribution grid 

 Retooling the inverters 
in renewable energy 
plants to allow them to 
provide short circuit 
power even without 
feeding active power 

 Decentralised system resto-
ration is technically feasible 
but not macroeconomically 
efficient 

 Conventional control tech-
nology is sufficient initially 
to utilise ancillary service 
potential 

 Broad-based standardised 
ICT is required to utilise 
smaller potential 
Costs/benefits must be 
evaluated 
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 Use of the inertia of 
wind turbines 

 Long-term: Review of 
the use of potential 
from throttling decen-
tralised energy plants 
and storage facilities 

 Adaptation of product 
characteristics and pre-
qualification require-
ments 

 Check implementation 
of adaptive demand 
calculation for balanc-
ing energy 

 Develop coordinated 
balancing energy pro-
vision from decentral-
ised energy plants in 
the distribution grid 

 Check alternative use of 
reactive power from 
high voltage for extra 
high voltage in individ-
ual cases 

 Option for distribution 
system operators to re-
quest short circuit pow-
er from decentralised 
energy plants without 
active power 

 Effect on protection 
concepts must be eval-
uated in individual cas-
es 

 Weather and other genera-
tion-relevant forecasts 
must be incorporated in the 
future concept 

 It must be possible to con-
trol RE systems during sys-
tem restoration 

 Esp. distribution system 
operators must be able to 
choose between grid ex-
pansion and optimised sys-
tem control 

 Rapid implementation of 
the “energy information 
network” 

Table 3 – Changed requirements and options for alternative provision of ancillary services.  
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1 Summary 

1.1 Motivation 

As part of the transformation of the energy supply system (energy 

turnaround), its share of renewable energy sources (RES) is in-

creasing significantly. This trend is associated with a drastic re-

structuring of the entire energy supply system, since a large part of 

the renewable energy systems are locally connected to the grid, 

and differ from conventional large-scale power plants in terms of 

their technical characteristics. Due to the changed generation 

structure, the integration of renewable energy systems requires a 

significant expansion of the grid on the transmission and distribu-

tion level, and has been extensively investigated in studies such as 

[1] and [2].  

For a technically functional energy system, additional ancillary ser-

vices are required that span the four areas of voltage and frequen-

cy control, grid restoration after disturbances, and system control. 

For the larger part, the provision of these ancillary services is cur-

rently based on conventional large-scale power plants. Conven-

tional large-scale power plants will be increasingly displaced by 

renewable energy systems. Times in which renewable energy sys-

tems nearly exclusively feed energy into the grid in Germany, and 

only very few or no conventional power plants, will become more 

frequent. Power electronics components for consumers and ener-

gy conversion systems are becoming increasingly common. This 

changes the requirements and the possibilities of their controllabil-

ity. In addition, significant changes in the demand for ancillary ser-

vices will result from an altered feed-in structure and the related 

temporary change or increase of electric power transmissions.  

The impact of changes in the energy supply system on the level 

and nature of the required ancillary services, their consequences 

and possible alternative provision options are analysed in this 

study. 
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1.2 Objective 

The aim of this study is an expert evaluation of change of ancillary 

services in the energy supply system caused by an accelerated 

integration of RES over the next two decades, and beyond the 

year 2030. The year 2013 is chosen as the base year of assess-

ment, and the year under review is 2033. 

It must be examined whether new concepts might need to be de-

veloped to guarantee stable and efficient system operation. The 

interaction between the different grid levels is of particular interest 

in this context. Responsibility for the ancillary services of voltage 

control, frequency control, grid restoration and system control lies 

with the relevant grid operators. Renewable energy systems are 

mainly incorporated on the distribution grid level and temporarily 

displace conventional power plants, which are today's definitive 

ancillary service providers. Therefore, the study will examine to 

what extent decentralised energy conversion plants (DECUs) and 

storage systems can be incorporated for the provision of ancillary 

services, and which interfaces between the respective grid opera-

tors are to be considered. The interplay between the transmission 

and the distribution grid levels is considered in particular.  

The four separately examined ancillary service areas are assessed 

on the basis of indicative, quantitative or qualitative statements 

about the development of the ancillary service and the potential of 

possible alternatives. 

In the following, changes in the energy supply system until 2033 

will be described, and then the core findings of the study are sum-

marised. 

1.3 Changes in the energy supply system until 

2033 

The expected changes in the energy supply system affect both the 

generation structure as well as the consumers. Compared to con-

ventional power plants, RES such as onshore wind turbines and 

photovoltaic systems (wind turbines/PV systems) are usually con-

nected to the grid via the high, medium or low voltage levels; their 

specific nominal capacities are lower and their feed-in mostly de-

pends on the availability of primary supply. PV systems are con-
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nected to the grid at the converter exclusively, wind turbines only 

to a large extent. In the future, offshore wind turbines will mostly be 

connected to the transmission grid via direct current high voltage 

(HVDC) connections. The connected capacity of wind farms is in 

the multi-digit megawatt range. 

The expected changes in the conventional power plant portfolio 

affect the installed capacities of the various power plant types as 

well as their locations. According to Scenario B of the Grid Devel-

opment Plan 2013 (NEP 2013) [3], the total installed power plant 

capacity in Germany will only be slightly reduced in the future. Nu-

clear power plants will be phased out by 2022 in accordance with 

policy decisions. Given the adoption of Scenario B of the NEP 

2013, the installed capacity of coal-fired power plants will decrease 

while the installed capacity of gas-fired power plants increases. 

The choice of power plant location is determined by many factors, 

of which access to the primary energy source is essential, while 

acceptance and environmental protection requirements constitute 

other important factors.  

At the same time, the annual peak load as per NEP 2013 will 

change only slightly. New consumers such as electric cars, heat 

pumps and decentralised storage systems will be connected to the 

grid. These consumers also allow for the storage of electrical en-

ergy and thus, to a certain extent, a decoupling of energy produc-

tion from consumption. In addition, the extent to which consumers 

can be controlled will increase towards full controllability, whereas 

the technical and economic potential is difficult to quantify.  

Due to the high number of renewable energy sources which feed-

in via converters and the accompanying displacement of conven-

tional power plants, the stored energy constant currently neces-

sary for frequency control and reactive and short circuit power as 

now provided by conventional power plants to support the static 

and dynamic voltage stability during these periods will be signifi-

cantly reduced. These tasks must be carried out by alternative 

suppliers such as DECUs, storage systems or loads to maintain 

the current stability of the energy supply system.  

The transmission grid will have to realise higher capacity transmis-

sions because feed-in is becoming more distant from the points of 

consumption. At the same time, the volatility of power flows will 

increase. For an improved control over these new boundary condi-
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tions, the transmission grid will be expanded and equipped with an 

increasing number of controllable components (high voltage direct 

current transmission (HVDC transmission), phase-shift-

transformers and flexible AC transmission systems (FACTS)). Ex-

pansion, or reconstruction, of the distribution grid level is neces-

sary to take into account changing operational requirements. 

In summary, it is apparent that a significant change of the system 

will be the consequence, which will entail changes and an adapta-

tion of ancillary services. The results of the study for individual 

aspects of these ancillary services are summarised below.  

1.4 Frequency control results 

Regarding frequency control, a distinction is made between instan-

taneous reserve and CR provision.  

Instantaneous reserve 

The development of renewable energy systems as outlined by the 

NEP 2013 for Germany is assumed for the year under review of 

2033. For other European countries, however, a moderate expan-

sion in accordance with ENTSO-E scenarios [71] is assumed. For 

this reason, there theoretically is no further need for action in the 

area of instantaneous reserve, because Europe has enough rotat-

ing masses to support the energy supply system after a generation 

outage of 3,000 MW, and to keep the frequency change within the 

specified limits. 

To maintain the current share in the provision of Germany's instan-

taneous reserve, measures for this provision must to be taken. In 

this case, there are four alternatives to provide the instantaneous 

reserve: the use of rotational energy in wind turbines (wind inertia), 

throttling of DECUs, the construction of phase shifters and the em-

ployment of storage systems. Wind inertia is the most cost-

effective alternative. The study of the future provision of instanta-

neous reserve shows that wind inertia, combined with conventional 

power plants, is sufficient to keep the future system on the same 

level of stability with respect to instantaneous reserve as today – in 

every hour of the year 2033. 
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Control reserve 

If today's design practice regarding the dimensioning of CR is 

maintained, an increase in demand of both secondary balancing 

power (SBP) and minute reserve (MR) is expected. With flexible 

and time-dependent dimensioning, however, this effect can be 

somewhat compensated for. It is assumed that the dimensioning of 

primary balancing power (PBP) will be maintained in the future for 

the entire ENTSO-E grid area and that the proportion of transmis-

sion system operators (TSOs) does not change significantly.  

PBP is currently provided by hydraulic and thermal power plants 

and individual large-scale batteries. As the results of Scenario 

2033 demonstrate, there are many hours during which the demand 

for PBP cannot be fully covered by thermal power plants and 

pumped-storage power plants (PSP). The provision of the missing 

portion of PBP is most efficiently ensured by batteries. Alternative-

ly, suitably regulated renewable energy systems and loads can 

also contribute towards this. If provision was ensured by systems 

coupled via power electronics components such as renewable 

energy and storage systems, they would be able to cover the de-

mand for instantaneous reserve owing to their rapid controllability if 

appropriately designed. The provision of the required SBP and MR 

cannot be guaranteed by conventional plants in some hours of the 

scenario year 2033 with a low residual load. 

In order to avoid a reservation of fossil-fuel must-run power plants 

for CR provision, other technical units must be included in the pro-

vision of all types of CR in the future. Some providers have already 

placed alternatives on the market, including emergency power 

systems, industrial loads or biomass plants (BMPs), as part of mi-

nute reserve pools. The market for SBP remains inaccessible to 

many of these providers, since the high availability, and the tech-

nical requirements to the output quality and the information and 

communication technology (ICT) involved, as well as the long time 

slices, represent too great a hurdle. A small proportion of PBP is 

already covered by large-scale batteries and run-of-the-river power 

plants. A shortening of the time slices would be a first step towards 

supporting the necessary development of further additional flexibil-

ity options.  
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1.5 Voltage control results 

The topic of voltage control includes reactive power demand and 

its provision in the transmission and distribution grid. In addition, 

the change of the short circuit power is considered.  

Reactive power demand and provision 

The increased load on the transmission grid caused by energy 

supply that is becoming increasingly distant from load centres 

means that that in the future, reactive power demand on the EHV 

level will rise. It is necessary to overall increase the range of sup-

plied reactive power, or the range of demanded reactive power, at 

the grid nodes since not only the provision of capacitive reactive 

power, but partly also the provision of inductive reactive power is 

required.   

One way to meet the reactive power demand is to employ DECUs 

and electricity storage units on the distribution grid level. The anal-

ysis of the reactive power potential shows that reactive power neu-

tral operation is possible at all voltage levels of the distribution grid. 

Prerequisite for a local compensation of the distribution grid is that 

DECUs make a reactive power contribution in the future without 

active power provisioning, which is what fully rated converters for 

example in PV systems, wind turbines and electricity storage units 

can already accomplish today. The investigations have shown that 

the inclusion of renewable energy systems in the high voltage level 

at many grid nodes is sufficient to operate this grid level in a reac-

tive power neutral manner vis-à-vis the transmission grid. Howev-

er, it cannot be ensured that there are enough renewable energy 

systems installed on the high voltage level throughout all grid re-

gions in Germany to meet the reactive power demand. Therefore it 

will be partly and regionally necessary to include systems of the 

medium voltage (MV) and low voltage (LV) levels in the provision 

of reactive power. 

In tapping the potential of the distribution grid level and involving 

active conventional power plants, existing reactive power compen-

sators and HVDC transmission converters, the reactive power de-

mand of the transmission grid can be largely covered.  

The monetary valuation of reactive power provision from the distri-

bution grid as based on the most cost-effective alternative in the 

transmission grid has shown that additional annuity costs of ap-
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proximately € 1,500 to 2,000 per year and MW of installed wind 

turbine and PV capacity are acceptable in the high voltage level to 

leverage the potential of reactive power provision. 

Short circuit power 

The bandwidth between the minimum and maximum short circuit 

power in 2033 changes only slightly versus 2011. However, the 

short circuit power changes significantly at a number of nodes 

within the band. Despite a reduced installed capacity of conven-

tional power plants, the available short circuit power will increase 

due to the expansion of the grid. According to the investigations, 

the German grid will not draw significantly larger amounts of short 

circuit power from abroad than it does today. However, there will 

be shifts in terms of the individual countries of origin.  

The future available short circuit power is subject to the weather 

and daytime-dependent fluctuations because, as it currently 

stands, supply-dependent renewable energy systems disconnect 

from the grid in times without a RE supply, and therefore they are 

no longer available as short circuit current suppliers in case of a 

failure. To limit this change, converter-based DECUs and storage 

systems could remain consistently and actively connected to the 

grid to provide the ancillary service of short circuit power. In this 

context, the effect on the coordination of the protection systems is 

to be examined. 

1.6 Grid restoration results 

Generally, there will be no insurmountable barriers to grid restora-

tion leading up to the year 2033. With gas turbines that are easily 

started from hot standby and with PSPs, it can be assumed that an 

emergency operation of the 380 kV grid is possible in order to 

gradually resupply further lower-level voltage levels, thereby inte-

grating decentralised feed-in into the grid restoration concept.  

In order to consider a large number of renewable energy systems 

in the future when restoring the grid, it is necessary to carry out 

slight throttling to reconnect the systems. In addition, frequency 

and voltage stability capability as well as instantaneous reserve 

provision are further prerequisites.  

The approach of grid restoration on the basis of decentralised 

stand-alone/microgrids is not recommended due to the extreme 
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technical complexity and the associated installation costs, as this 

approach would only be pursued in addition to conventional grid 

restoration. 

1.7 System control results 

The future power system management for system control consist 

of the classical power system management architecture and an 

associated standard ICT-based architecture for smart market 

mechanisms. The smart market mechanisms serve the market-

based balance between generation and consumption. At the same 

time, the ICT infrastructure must serve the development of area-

based ancillary services and help avoid grid congestions, so that 

only one shared infrastructure will be implemented as a data plat-

form. Initially, however, it will suffice to incorporate large renewable 

energy systems directly into the control systems for the provision 

of ancillary services. To this end, agreements must now be estab-

lished for new systems so their potential can be fully leveraged by 

2033. 

ICT standards must be established at an early stage and interven-

tion options must be defined in a legal and regulatory way to em-

ploy DECUs for area-based ancillary services. This includes, for 

example the design of ancillary service products in the area of fre-

quency control up to the prequalification of providers, which also 

needs to be adjusted. For voltage stability, a cross-level coordina-

tion must be established that initially optimises reactive power and 

voltage control regulations involving DECUs, storage systems and 

grid controllers as ancillary services within the distribution grid, and 

which then provides any further potential to the transmission grid in 

the form of ancillary services.  

At the interface between transmission and distribution grids, the 

distribution system operators (DSOs) are increasingly able to play 

an active role in the use of ancillary services in their own grids, and 

can therefore relieve or support the transmission system operator 

(TSO). DSOs also provide for mechanisms in the distribution grids 

to take account of grid restrictions when activating ancillary ser-

vices.  

Renewable energies are causing an expansion of the grid for rea-

sons of rare feed-in peaks. Since grid expansion can hardly keep 

pace with the construction of new RES, and therefore the trans-
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mission demand within the power grids, measures such as redis-

patch, DECU, storage system and load intervention in critical grid 

situations on all voltage levels are increasingly necessary. In con-

trast to market interventions, grid expansion must be weighed in 

an economic and carefully planned way for these rare critical 

events. In the future, temporary and economically viable interven-

tion options should be regularly permissible to lower the demand 

for grid expansion. This approach must be fully clarified in terms of 

regulation so that the grids might be developed in an economically 

optimised way.  

For this purpose, new methods of operational planning and system 

control must be designed that optimise and coordinate any stabilis-

ing interventions in generation and consumption on all grid levels, 

so that stability can be guaranteed despite scarce grid resources 

and a volatile operation. This planning must be probabilistic in na-

ture in order to weigh rare circumstances and intervention options. 

Accordingly, grid management needs preventive and stabilising 

measures that can be activated for correction purposes where 

necessary. 

1.8 Conclusion 

In summary, it can be stated that the future development of the 

individual ancillary service aspects will pose specific challenges. In 

all areas, however, there are realistic solutions and potentials for 

solutions that make it possible to carry the current level of system 

stability into the future.  

Wind turbines are able to support the instantaneous reserve. 

DECUs and battery storage systems can collectively contribute to 

PBP and fully cover the missing portion of thermal generation ca-

pacities at any time. SBP and MR must be dimensioned and con-

tracted in shorter periods of time in order to be provided by 

DECUs.  

DECUs can contribute to voltage stability, even across grid levels. 

Especially systems coupled via fully rated converters, such as 

ground-mounted solar power plants, PV systems, wind turbines 

and storage systems, can play a vital role.   

The short circuit power in today's larger power plant locations will 

decline, while that of rural areas will increase. The changes are not 
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critical to grid operation and are technically manageable. Detailed 

analyses are required in the future to take into account regional 

grid-specific characteristics.  

For the time being, today's grid restoration concepts can be con-

tinued if appropriate mechanisms for influencing DECUs are add-

ed. 

System control is complex, but can be controlled by supplementing 

and dividing ancillary service tasks amongst transmission and dis-

tribution system operators. Optimised intervention options in gen-

eration and loads (smart grids vs. smart markets) help stabilise the 

grid and economically optimise its further development. 

1.9 Structure of the study 

In the following chapters, this study describes and analyses ex-

pected challenges in the area ofancillary services, and evaluates 

viable provision alternatives. To this end, the challenges for each 

ancillary service are first analysed qualitatively and with reference 

to sources, and a comprehensive list of all aspects is offered, 

thereby clearly outlining the problem area.  

The most important ancillary service changes will be analysed in 

detail later in the study by means of indicative quantitative and 

qualitative statements on the development of ancillary services 

and the potential of possible alternatives made on the basis of ex-

ample calculations of the German energy supply system. In this 

context, it is important to examine if the scope of ancillary services 

is changing significantly or fundamentally new solutions must be 

found to keep the changed system stable in the future. Where ap-

propriate, the need for change from a political, regulatory or stand-

ardisation point of view are discussed in each section in addition to 

economic evaluations.  
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2 Frequency control 

Secure operation of the power grid requires a stable frequency of 

50 Hz. Frequency is the reference variable for the power balance 

between generation and consumption in the energy supply system. 

In combination with turbines, synchronous machines are rotating 

energy storage systems that are able to briefly compensate devia-

tions of the active power balance before speed control or frequen-

cy control corrects power imbalance. This behaviour is called in-

stantaneous reserve. A tolerance band of 20 mHz is granted to 

speed control to relieve the turbines of frequent and rapid valve 

movements. With very large deviations, vibrations of the generator 

turbine shaft can damage or destroy the shaft. For this reason, 

synchronous generators are turned off and disconnected from the 

grid at large frequency deviations. The task of frequency control is 

to keep the frequency at a stable level below these critical values.  

The particular challenge of the future's frequency control is the 

increasing number of small DECUs connected to the grid via pow-

er electronics components. Due to their low feed-in capacity, these 

systems mainly feed electricity into the distribution grids. At short 

notice, these systems have only limited amounts of power availa-

ble for frequency control.  

Frequency control today is ensured with the three products of 

PBP, SBP and MRP, which each cover different time periods after 

a power imbalance. The required amount of these balancing re-

serves depends on forecast uncertainties, the underlying noise of 

the grid load as well as technical uncertainties such as power plant 

outages in the respective control area. Due to future changes in 

the German energy supply structure, it is to be expected that fore-

cast uncertainties, in particular with regard to RES, will have a 

large influence on the required amount of balancing reserves. 

In summary, Figure 2.1 presents the instantaneous reserve and 

various qualities of BP with regard to their activation time. 
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Figure 2.1 Time sequence of instantaneous reserve and CR provision (based 
on [4]) 

Instantaneous reserve, and therefore the rotating masses of con-

ventional power plants, supports frequency control until balancing 

power, which is divided into three CR types according to their lead 

times, sets in. The automatically activated primary balancing pow-

er reserve must be fully available within 30 seconds and be main-

tained for at least 15 minutes. Activation of the secondary balanc-

ing power reserve is directly realised within the area affected by 

the outage. It takes place automatically and within a few minutes 

after the fault. In the German energy supply system, this reserve 

must theoretically last for a maximum period of one hour. In prac-

tice however, successive interferences regularly lead to longer 

activation times [101]. MR is a schedule-based activation by the 

TSO. Since July 2012, MR activation takes place in quarter-hour 

intervals based on automated processes [6]. 

 

Instantaneous reserve 

Temporary substitution of conventional power plant capacity 

Today's frequency control is ensured mainly by large power plant 

units that feed into the transmission grid level. However, since 

these (mainly fossil-fired) power plant units are increasingly being 

substituted by DECUs at the distribution grid level, this lowers the 

amount of rotating masses present in the grid, which serve as 
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short-term energy storage systems [4]. The overall system thus 

responds more sensitively to changes in the active power balance. 

Compliance with the required frequency limits (maximum dynamic 

frequency deviation of 800 mHz and quasi-steady-state deviation 

of 180 mHz or 200 mHz) may be at risk given a generation outage 

of 3,000 MW according to [9]. Compliance with these limits, espe-

cially with the lower threshold for the maximum dynamic frequency 

deviation, is regarded as one of the important criteria for stable 

grid operation. An extension of the permissible frequency band is 

not possible due to conventional power plants feeding in power at 

all times in Europe. The European energy supply system exhibits 

low-frequency oscillations that are damped by conventional power 

plants by means of PSSs (Power System Stabilisers). Due to the 

loss of conventional power suppliers, it may be possible that these 

oscillations cannot be attenuated this way in the future. 

Contribution to the instantaneous reserve by European col-

laborative partners 

It remains uncertain if contributions to the instantaneous reserve 

coming from abroad will always be sufficiently and systematically 

available to Germany, and if the transmission capacity of the inter-

connectors is sufficient for this purpose. In addition, this aspect 

has to be scrutinised against the background of acceptance by 

foreign countries. Moreover, the development of the power plant 

fleet and its utilisation, and therefore the quantity of rotating mass-

es abroad, is fraught with uncertainty which is why the instantane-

ous reserve is not necessarily available with the required degree of 

reliability. This also has to be considered in the context of the pro-

vision of instantaneous reserve in case of failures. In case of a 

failure, the grid is divided into several sub-grids, so instantaneous 

reserve must be supplied to the individual sub-grids in order to 

maintain operation.  

Contribution to the instantaneous reserve by DECU 

The increasing supply of DECUs in the distribution grid level direct-

ly influences the instantaneous reserve. In times of high feed-in 

from renewable energy sources, mainly by wind turbines and PV 

systems, only few conventional power plants are connected to the 

grid. This results in a lower rotational energy of conventional power 

plants. Due to the lack of mass-carrying generators connected 

directly to the grid, DECUs as a rule do not contribute to the in-
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stantaneous power reserve without additional technical measures 

[4]. 

Frequency control 

Dimensioning the balancing power 

It has already been shown by previous studies [20] that situations 

with a high share of renewable energy supply cause an increased 

demand for MR because forecast errors have to be balanced. Ac-

cordingly, the demand for MR heavily depends on the particular 

feed-in situation of RES. In the coming decades, it can be as-

sumed that the increasing demand for MR will be counterbalanced 

by improved forecast accuracy and by more flexible marketing 

opportunities (for example, 15-minute-products on the intraday 

market). In keeping with today's calculation methods for BP di-

mensioning, no significant changes can be identified for the future 

demand of SBP. However, additional and very short-term power 

gradients should be considered (load and renewable energy sys-

tem feed-in) for SBP dimensioning. In addition, the tender volumes 

for SBP and MR are additionally adjusted in times of predictable 

and high balancing uncertainties (for example, during the Christ-

mas season of 2013 [101]). PBP dimensioning is based on the 

overall demand of the synchronous grid area of +/- 3,000 MW, and 

is adjusted annually according to the summed annual energy feed-

in volume of the respective TSO. In the German Grid Control Co-

operation (GCC), the tendered PBP volume has decreased slightly 

in recent years, namely from 623 MW in January 2010 to 576 MW 

in December 2013 [101]. 

Loss of conventional balancing power providers 

Today, the providers of the three aforementioned BP products are 

often conventional power plants. In eliminating them, or by long-

lasting high DECU feed-in, these systems no longer continuously 

supply power to the grid, and are therefore not available as BP 

providers. Even today, smaller plants are sometimes combined to 

form a pool of BP providers. However, the smaller the plants are 

and the greater their number, the greater the effort required for the 

additional communication infrastructure, and thus the costs of BP 

provision. In extreme cases, the provision of BP by DECUs in the 

distribution grids can lead to grid congestions due to the high de-

gree of concurrency. At the MV and LV level, there is no guaran-
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teed secure (n-1) plant connection, a fact that must be considered 

to ensure adequate availability. 

Forecast errors with increasing feed-in from RE 

The balance deviation caused by RE forecast errors is now offset 

mainly in the time domain of the MR, where the long-term balanc-

ing of large amounts of power takes place. Therefore, the influence 

of the increasing feed-in from RES is most apparent in the demand 

for MR. Despite the strong expansion of renewable energy sys-

tems, no direct correlation between increased RE feed-in and an 

increased demand for MR could be found in practice in recent 

years [20]. In times of low residual loads, the displacement of con-

ventional suppliers leads to a shortage of the provision of BP. In 

the future, the required BP must be provided by new suppliers for 

times like these.  

Remote-controllable renewable energy systems in direct marketing 

or battery storage systems are viable approaches. Therefore, 

pools of wind turbines or BMPs offer a negative balancing poten-

tial. Aggregated controllable loads or emergency power systems, 

however, are suitable for the provision of positive BP.  

Frequency-dependent load shedding 

Conventionally, protection relays are installed on the low-voltage 

side of a transformer station between the HV and MV grids. Load 

shedding is triggered when the grid frequency exceeds or falls 

below a predetermined value. This happens regardless of the load 

flow direction. Since DECUs are mostly connected to the distribu-

tion grid, underfrequency-dependent shutdowns can lead to a fur-

ther increased power deficit, thus putting system stability at risk. 

Geographical distribution of the balancing power providers 

Despite nationwide tendering and activation of BP, these capaci-

ties are usually ignored in the management of grid congestions. In 

the event of impending grid congestion within the GCC, it is there-

fore necessary to ensure that the provision of BP does not violate 

the transmission capacity limits. This is realised by the designation 

of minimum core portions specific to the balancing zones. The des-

ignation of these core portions for SBP or MR is made at the re-

quest of the TSO at the Federal Network Agency (BNetzA) and is 

granted for a limited period. 425 MW of negative SBP in the bal-

ancing zone of the TSO 50Hertz were tendered as a core portion. 

Since August 2013, core portions have no longer been tendered in 
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the GCC [101]. The increasing future grid load caused by load-

remote RES feed-in may have an impact on the requirement for 

the designation of new core portions, and in extreme cases it may 

cause an increased demand for BP due to a reduction of stochas-

tic balancing effects. This also leads to a higher balancing power 

price due to the deviation from the merit order list. 

Load flexibility 

Analogous to BP, TSOs have the option of binding interruptible 

loads for the maintenance of grid and system security via a market 

since the amendment of the Energy Industry Act (EnWG) on 28 

December, 2012 [75]. Due to the market-side implementation, flex-

ibility on the demand side is created which counteracts the non-

market-driven supply from RES. Remuneration for the contracted 

loads takes place according to a monthly service price of € 2,500 

per MW and an energy price between € 100 and 400 per MWh. 

Technical requirements to the loads are extensive. The consump-

tion unit must be connected to the HV and EHV grid and have a 

minimum capacity of 50 MW. A combination of up to five consump-

tion appliances is possible, provided they are connected to the 

same grid node. The TSOs tender 3,000 MW every month, half of 

which each are immediately interruptible loads (SOL) and quickly 

interruptible loads (SNL). The interrupting power of the immediate-

ly interruptible loads must be provided by the TSO automatically 

and in a frequency-controlled way within one second, and instan-

taneously when remotely controlled. For SNL, no frequency-

controlled activation is required and the BP is to be provided within 

15 minutes [75]. 

Potential providers of interruptible loads are industrial furnaces or 

electrolysis cells owing to their almost constantly high consump-

tion. For these highly energy-intensive industrial companies, an 

additional marketing option is being created on the basis of this 

regulation in addition to the established BP market. Currently, 

however, only seven framework agreements between TSOs and 

suppliers of disconnectable loads with a total capacity of 1,056 GW 

are concluded (as of: December 2013 [101]).  

2.1 Research issues 

In the future, there may be situations in which only few conven-

tional power plants are connected to the grid that can contribute to 
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the instantaneous reserve and the three conventional BP products. 

Therefore, it must be investigated whether the requirements as per 

[9] regarding compliance with frequency limits are still fulfilled in 

the future, and which alternative BP providers are available in the 

future in times of high feed-in from RES and a low amount of rotat-

ing masses on the grid. The integration of a large number of re-

newable energy systems connected with power electronics com-

ponents will change the system performance significantly. This 

must be taken into account for the newly determined requirements 

to the already existing and conceivable future BP products. 

The following research questions are focal points of instantaneous 

reserve: 

 How much  instantaneous reserve is required for a stable 

grid operation? 

 What is the upper limit of large-scale instantaneous reserve 

provision? 

 To what extent can instantaneous reserve purchased from 

abroad be considered as secured, and may they be includ-

ed in the stability analyses? 

 Can the system continue to operate in a stable manner 

when the rotating mass decreases, but the frequency-

dependent loads increase and/or the power plant dynamics 

are improved? 

 To what extent can technologies such as DECUs and stor-

age systems benefit from smart controlling in terms of con-

tributing to the instantaneous reserve? Does the capacity of 

the distribution grid restrict provision? 

 To what extent do technical measures have to be adapted 

in order to provide the hitherto mandatory provision of in-

stantaneous reserve in the future?  

 To what extent does the legal and technical framework 

have to be adapted to the future provision of instantaneous 

reserve? 

 Can the system still operate in a stable manner with a high 

number of controlling components without any mutual neg-

ative effects on each other's control? 

The following research questions are focal points of BP: 

 To what extent do today's existing time intervals for the 

provision of BP, and the time slices for dimensioning in a 
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system with a high share of feed-in from RES, make 

sense? 

 Does power generation in the future, predominantly by re-

newable energy plants, require new dimensioning meth-

ods? 

 Can the future BP demand be provided by today's common 

suppliers or are new players called for on the BP markets 

(in particular renewable energy systems and storage sys-

tems)? 

 For which products would power plant pooling be technical-

ly and economically viable for supply and provision in the 

future? 

 How would it be possible to secure the tendered BP by 

third party plants whose performance does not meet the 

required degree of reliability in the provision of BP (wind 

turbines in direct marketing)? 

 To what extent can little-used technologies, such as battery 

storage systems, make a contribution to frequency control 

and offer PBP as well as SBP independently or within a 

pool of plants? 

 How can loads, storage systems and renewable energy 

systems contribute to the provision of BP? 

 To what extent will there still be the traditional frequency 

response in an RES-driven energy supply system with the 

divisions into instantaneous reserve and BP products of dif-

fering quality levels? 

2.2 Evaluation of current literature and studies 

2.2.1 Instantaneous reserve 

Calculations on the changing starting time constant in the integrat-

ed European grid at different penetration levels of RES feed-in 

were carried out and interpreted in [19] for selected hours of the 

years under review of 2011 and 2023. It is assumed that only con-

ventional power plants with their rotating masses contribute to the 

instantaneous reserve. Together with other European countries, 

synchronous operation in Germany is possible even without rotat-

ing masses, according to approximate calculations based on the 

requirements in [9] as well as the current load and power genera-

tion units (PGS) [10]. Operational limits are not violated given de-
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sign-compliant dimensioning [9]. [8] is based on the statement that 

despite the change of generation technology in Germany, enough 

conventional power plants continue to feed power into the inte-

grated European grid, and that therefore the expected effects on 

frequency control are tolerable. Since a sufficient provision of in-

stantaneous reserve is expected from foreign capacities, a market 

design change with concomitant remuneration is not expected until 

2050 [7].  

In addition to conventional power plants, alternative suppliers can 

also make a contribution to the instantaneous reserve. [7] shows 

that PSPs, as well as compressed air storages, are suitable to 

provide instantaneous reserve. Flywheel mass storages are al-

ready being tested used in pilot plants, showing that they are quite 

capable of offering feed-in capacities of around 10 MW, and the 

corresponding capacities for a charge and discharge time of 

15 minutes. In addition, the possible contribution of other storage 

technologies such as batteries to instantaneous reserve is being 

analysed, along with which technologies are unsuitable and which 

technologies require further research. In [92], flywheel mass stor-

ages are also regarded as suppliers of instantaneous reserve. An-

other way to provide instantaneous reserve is by refitting existing 

conventional power plants to pure phase shifters. A corresponding 

project has already been implemented in Biblis [37]. The available 

rotating mass contributes to grid stabilisation but compared to a 

power plant, it has a lower starting time constant because the 

steam turbine has been partially dismantled. 

In case of an inadmissible reduction of the rotating mass, plants 

that feed in via converters must provide instantaneous reserve by 

having artificial rotating mass imposed onto them from energy 

storage systems [8]. In [11], this is intended for larger PGS.  

Concepts for regulating power electronics systems are currently 

being researched [12], [13]. The underlying idea is transferring the 

behaviour of a synchronous machine to an inverter. The control of 

the inverter then has properties of an electromechanical synchro-

nous machine, and it therefore has a virtual rotating mass. Power 

electronics allow fast controllability, but can only provide instanta-

neous reserve if feed-in is secured via a storage system. 

Furthermore, with an appropriate control of the rotor blades, wind 

turbines can provide rotational energy [93]. This short-term active 
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power increase reduces the frequency drop during an active power 

deficit. Due to the speed-dependent control of active power gener-

ation of wind turbines, it should be noted, that lowering the speed 

control leads to a reduced active power output [14], [15]. In Cana-

da, technical requirements imposed on TSO wind farms with a 

rated capacity of over 10 MW mean that they must be able to pro-

vide instantaneous reserve through an implemented frequency 

control. As per this requirement, these plants approximate the be-

haviour of conventional synchronous machines with an inertia of 

3.5 s [16]. It is necessary to examine whether the active power 

reduction can compromise system stability after providing instan-

taneous reserve, thus causing a backlog of PBP and SBP, or 

whether the additional stabilisation predominates at the time of the 

disturbance. Furthermore, it remains unanswered how a stable 

control can be implemented given a large number of plants and 

which overall system behaviour would result from this. In this con-

text, it must be ensured that decentralised systems do not conflict 

in their control. 

Besides a direct influence on the starting time constant of the grid-

connected generators, there are two more indirect approaches to 

stabilising the system. The first approach involves the frequency 

dependence of loads. By increasing the frequency dependence of 

the loads, it is possible to compensate for the reduction of the in-

stantaneous reserve. There is a study on demand-side response, 

in which loads were equipped with frequency chips and corre-

sponding control methods in order to increase the frequency de-

pendence of the load [17]. In [94], it is mentioned that loads can 

voluntarily participate in active power control. The acceptance of 

such a system and the actual usable potential of the loads must be 

examined. 

The second approach concerns the power plant dynamics, and in 

particular the dynamics of primary control. In [9], referring to the 

prequalification of power plants, it is assumed that they are able to 

provide PBP within 30 seconds. Shortening this time period can 

counteract the lowered starting time constant caused by a de-

crease of rotating masses. However, the increased flexibility re-

sults in an increased lifetime consumption of conventional power 

plants [18], [19]. 
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2.2.2 Balancing power 

Demand for balancing power 

From a technical point of view, the volume of RES represents a 

fluctuating feed-in capacity that is always subject to a forecast er-

ror. Up to 45 minutes prior to physical delivery, this forecast error 

can be balanced bilaterally, or on the intraday market, for example. 

The TSO then ensures a balance between supply and loads 

through the use of BP. If this deviation (for example, an opposing 

load forecasting error) is not offset by other effects, the TSO acti-

vates BP. Forecast deviations of wind turbines and PV systems 

are fundamentally long-term in nature, so for their compensation, 

MR is used after PBP and SBP. The amount of technically re-

quired SBP and MR is determined with a convolution-based meth-

od [95] carried out by the TSO, and which is then procured via the 

common tender platform regelleistung.net. The tendered BP vol-

umes are currently adjusted quarterly. The PBP volume required 

for the energy supply system is prescribed by ENTSO-E and is 

determined annually for the TSOs. 

With the further expansion of fluctuating power suppliers, the fac-

tors influencing demand for BP will be subject to constant chang-

es. In the future, the absolute forecast error will increase due to the 

expansion of the volatile capacity provision of DECUs. As a result, 

a heavily fluctuating BP demand is to be expected. This effect has 

already been observed in the past. In the winter of 2012/2013, 

during a period of rapid wind speed changes (24.12.2012) and with 

an erroneous consideration of the snow cover on PV systems 

(02.10.2013), the maximum available BP was activated. In an 

analysis of time lines, a correlation between BP demand in the 

GCC and rapid changes in wind speed were observed (see Chap-

ter 2.3). The current, quarterly change in the tender quantities can 

compensate for these high fluctuations only through a general in-

crease in BP quantities for the entire quarter. Another measure to 

counteract this increase is a significant improvement in the accu-

racy of forecasts. A PV reference measuring system is currently 

under construction for this very purpose, similar to that for wind 

forecasts as requested by the TSOs [96]. 

The effect of an increasing volume of fluctuating feed-in on BP has 

often been studied in the past: for their analyses, both the dena 

Grid Study II [1] as well as the expert opinions [97] and [98] used a 
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convolution-based approach in combination with assumptions on 

future H-1 forecast errors. The outcome of the investigation for 

2020 in [1] is a relatively low total balancing power demand (SBP + 

MR) of 4,180 MW in the positive and 3,317 MW in the negative 

balancing direction at a deficit level of 0.01%. A much higher de-

mand, particularly for MR is reported in a study commissioned by 

the BMU [99]. According to this study, a nearly unchanged SBP 

demand of 2 GW is reported for the year 2033, whereas an in-

crease in demand to 7 GW positive and 5 GW negative is ex-

pected for MR. To adapt the provision of BP to the expected RES 

feed-in volume, a modification of the market conditions is recom-

mended. 

Expansion of the Grid Control Cooperation 

One approach to reduce the need for BP is the cooperation of con-

trol area as it is being implemented in Germany in the form of the 

GCC. The expansion of the GCC to the international IGCC has 

already led to savings of several hundred million euros by prevent-

ing counteracting activation of BP [100]. The exchange volume 

between foreign and German TSOs for every quarter hour, and 

further market information are published on an Internet platform for 

tendering the BP of German TSOs [101]. An extension of the 

IGCC is scheduled for 2014: as of January 2014, a portion of the 

PBP required in the Netherlands is procured (35 MW of 101 MW) 

via the common auction of the GCC. Previously, a study of the 

joint tendering of PBP between Germany and the Netherlands had 

been written [101]. Since March 2012, swissgrid partakes in this 

shared tendering of German TSOs with a portion of the PBP de-

mand of Switzerland. In order to expand the international ex-

change of BP on the basis of a common merit order list, an inter-

national standard (Network Code on Electricity Balancing) is cur-

rently being developed [103]. As with the German nationwide merit 

order, the balancing code with a cross-border merit order allows 

for the purchase of cheap BP. For the technical provision of the 

BP, however, each TSO itself remains responsible, so the Elec-

tricity Balancing Code has no impact on technical considerations. 

Alternative suppliers of balancing power 

There are already some suppliers on the BP market that bundle 

decentralised units and market them as BP pools (cf. list of 

prequalified suppliers in [101]). These pools are comprised of dif-
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ferent units such as biogas plants, emergency power systems, 

remote-controlled wind turbines or PV systems, smaller DECUs 

(e.g. μ-CHP) and loads (flexible industrial loads, heat pumps). This 

way, it was already possible to successfully prequalify all three 

types of balancing energy [104]. The provision of PBP by battery 

storage systems [105] and run-of-the-river power plants (compo-

site of run-of-the-river power plants at the Lech river with ± 30 MW 

of prequalified PBP [106]) is being tested in pilot projects. 

Just how great the future potential of technical units to provide the 

necessary flexibility is, is being discussed for the European elec-

tricity sector in [107], with a focus on loads in [109], and in terms of 

storage systems in [7]. The German nationwide technical potential 

and the respective hourly range of 20 different flexibility options is 

summarised in [110] and estimated quantitatively. In the future, 

balancing energy should be supplied by more flexible thermal 

power plants, load management through energy storage systems 

and renewable energy plants. In the following, these alternative 

providers of BP are discussed individually.  

The concepts for the provision of BP by wind turbines were inves-

tigated with regard to economic, technical and regulatory aspects. 

In [111], the potential of wind turbines for the provision of BP is 

estimated. From July 2010 to December 2010, wind turbines have 

a theoretical potential of 4.7 TWh for the provision of positive 

and/or negative MR (4h product), with a certainty of 99.994% and 

a tender volume of 5 MW. Depending on the mode of operation - a 

distinction is made between throttling to a constant feed-in capaci-

ty per ¼ hour ("roadmap") and the difference to the feed-in capaci-

ty actually available ("possible feed-in") - slightly throttling the 

plants leads to higher or lower feed-in losses. Based on the year 

2012 and all wind turbines in Germany, the throttled energy vol-

ume for the provision of negative MR is estimated at 760 MWh/h 

per offered hour [112]. The result of throttling is a constant feed-in 

capacity for four hours with a security level of 99.994%. An exam-

ple also shows that a pool consisting of a wind farm and gas tur-

bines can place a 30% higher offer on the balancing power market 

than the sum of the individual offers. With an analogous procedure 

in [113], the provision of BP by PV systems is evaluated and quan-

tified for a 4h product with a potential of 0.66 TWh. This would 

make the participation in the BP market economically feasible both 
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for wind turbines as well as for PV systems and would amount to 

cost savings of up to 24% (MR by wind) or 6.5% (MR by PV).  

Prerequisite for the leverage of this potential is the remote control 

capability of the plants and the adaptation of prequalification re-

quirements in terms of certifying the provided BP and the required 

temporal availability of 100% for PBP and MR. In the course of the 

further development of the legal framework, the Federal Network 

Agency requests that claims of the market premium and green 

power privilege should be coupled to the existence of a direct con-

trol option from the very outset, and that it should not be optionally 

funded by a separate premium [96]. Individual direct marketers 

already have access to remotely controlled wind turbines and PV 

systems with over 4.4 GW [115]. The investment costs for connec-

tion depend heavily on the existing infrastructure and are estimat-

ed at up to € 40,000 per wind farm [116]. In terms of the typical 

installed capacity of wind farms (more than 12 turbines with a total 

connected output of 15 - 150 MW), the specific investments are on 

average € 60 - 800 per MW. For large ground-mounted PV sys-

tems, it is assumed that the connection costs are similar to those 

of wind farms. The exercise price is equal to the lost revenue from 

electricity marketing, resulting from the necessary throttling in the 

"roadmap" procedure. If negative BP is offered as a difference to 

the actually possible feed-in, prior throttling is not necessary. How-

ever, a prerequisite for the application of this method is the deter-

mination of the possible feed-in capacity based on wind data, tak-

ing into account plant-specific correction factors.  

The use of decentralised battery storage systems is a technical 

and economical alternative to throttling PV systems and wind tur-

bines for the provision of BP. PBP can be offered in combination 

with a battery management system, for example. An investment 

appraisal in [117] shows that the combination of a PV system and 

a storage system can be economically viable compared to throt-

tling. In contrast to decentralised battery storage systems, large-

scale battery concepts have already been technically implement-

ed. A sodium-sulphur battery with a capacity of 1 MWh already 

offers a symmetric operating range of +/- 1 MW of PBP as of 2012 

[104]. Another plant, consisting also of a lithium-ion storage sys-

tem with an output and capacity of 5 MW, will be put into operation 

in September 2014 [119]. In particular, supply of PBP and SBP by 

battery storage systems will gain importance in the future due to 
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the decreased availability of thermal power plants (cf. Chap-

ter 2.4). The energy installation costs of lithium-ion batteries for 

frequency control are estimated at € 150 - 300 per kWh for 2030 

and the capacity installation costs at € 35 - 65 per kW [118]. 

Emergency power systems (EPS) offer a flexibility option, espe-

cially for MR, if they are connected by means of communication 

technology and have a way to feed into the grid. EPS ensure 

maintenance of power supply irrespective of the public power grid 

and are used, for example, in hospitals, airports and data centres. 

The positive potential of activating EPS in Germany is estimated to 

be 5 - 8 GW in 2020 [120]. The necessity of their existence in or-

der to ensure security of supply, and their reliability, make emer-

gency power systems particularly appealing to MR pool operators. 

The exercise costs correspond to the fuel price and depend on the 

efficiency of the EPS. An EPS with an electrical output of 1 MW 

and a consumption of 260 l/h incurs variable costs of € 360 per 

MWh at a fuel price of € 1.40 per litre. 

Another potential, especially for MR, are consumers and PGS for 

the provision of thermal energy in the private sector, such as mi-

cro-CHP (μ-CHP), heat pumps and electric heating systems. The 

cumulative electric output of μ-CHPs is still very low at currently 

about 0.5 GW [121]. Their potential, however, is much higher, be-

cause with 17 million households, the majority of the flats in Ger-

many are heated with natural gas [121]. Only very few of these 

systems provide electricity in addition to heat, but they could be a 

useful flexibility option through the increased use of μ-CHP in a 

current-controlled mode of operation. The flexibility of heat pumps 

is being discussed as a controllable load in private households. In 

Germany, only less than 300,000 flats use heat pumps to leverage 

geothermal, exhaust air and other environmental heat sources. 

Nevertheless, the further consideration of this flexibility option is 

worthwhile, because a strong expansion of this technology is ex-

pected [124]. Far more common are the electric heating systems 

installed in 1.4 million households [121]. With an electrical output 

of 7 - 19 kW per household, this leads to a theoretically usable 

positive balancing potential of about 10 GW. The availability of 

these units is affected by the heating demand of the residents and 

is therefore subject to pronounced seasonal and daily fluctuations. 

Moreover, the impact on the distribution grid given a marketing of 

these flexibility options is to be observed, as it leads to a high de-
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gree of local simultaneity under certain circumstances. In [123], the 

revenue potential of providing MR is determined taking into ac-

count the work and capacity availability of the different units. The 

capital costs of the necessary communication infrastructure, me-

ters and installation is estimated at € 200 - 250 per household 

[154] . In addition to the debt service for this investment, annual 

costs for operating the metering station, metering services and 

billing are incurred, resulting in fixed total costs of at least € 130 

per year. This metering and billing method, suitable for making 

household loads and generation more flexible, is currently being 

designed and is called "Zählerstandsgangmessung (ZSG)" (coun-

ter rate measurement, CRM ) [127]. The costs of CRM are below 

those of registered consumption metering (RCM), which is used for 

large-scale customers (€ 500 - 1,000 per year). The billing method 

via standard load profiles as currently used for household custom-

ers is relatively cheap with about € 30 per year, but inadequate in 

terms of flexibility. The major challenge in developing the potential 

flexibility of private households thus lies in the implementation of 

new supply, balancing and metering concepts (cf. [127]). 

The BP potential in the cement industry, aluminium electrolysis, 

the paper industry and in chlorine electrolysis currently amounts to 

0.5 - 1.5 GW and is already largely being offered in the form of 

positive MR [124], and of SBP in the case of zinc electrolysis (cf. 

list of prequalified suppliers in [101]). These participants compete 

with capacities on the production side, which leads to a very low 

revenue potential. The provision of positive BP is technically and 

organisationally possible in some industrial sectors, but carries the 

risk of increased grid fees should its activation result in an increase 

of the annual peak load. The leverage of the technical potential is 

largely still outstanding and requires a comprehensive considera-

tion of individual cases. Due to the largely optimised process chain 

of the manufacturing industry it is likely, however, that the technical 

potential is far lower than the theoretical potential, especially since 

the economic incentive is very low given the current price level on 

the BP market. The effect of load shifting or load shedding on the 

production process is a higher price risk than the additional ICT 

costs for increased flexibility, since RCM is often already applied. 

A detailed analysis of the nationwide demand side management 

(DSM) potential in Germany, with a distinction between domestic, 

commercial and industrial potential can be found in [2]. 



Frequency control  

 

43 

The flexibility of BMP is already being marketed as SBP and MR 

(see supplier list on [101]). The challenges for the electricity and 

balancing power market-determined mode of operation are up-

grading the plants by increasing their power generation capacity 

alongside lower full-load hours and, if necessary, adjusting the gas 

storage capacity. The flexibility premium pursuant to § 33 EEG 

promotes plant expansion and has led to the availability of nearly 

100 MW of demand-based electricity generation in Germany [125]. 

Table 2-1 lists the future suppliers of BP.  

 

Table 2.1 Overview of examined future suppliers of BP 

Supplier Note Costs 

Wind turbines 
Possible, theor. pot.: 4.7 TWh 
(July to Dec. 2010) ICT: € 60-800 / MW 

Var. c.: lost revenue from electricity 
marketing PV systems Possible, theor. pot.: 0.7 TWh 

(July to Dec. 2010) 

Emergency power 
systems Already used, capacity in 

2020: 5 - 8 GW 
Var. c. (fuel): 
approx. € 360 / MWh 

µ-CHPs Current potential: Low New supply concepts required, then 
ICT per household: approx. € 250 per 
year 

If necessary, costs for additional 
thermal storages 

Heat pumps Current potential: Low 

Electric heating 
systems Theor. pot. >10 GW 

Industry sector Part. already used, positive 
pot.: 0.5 - 1.5 GW; negative 
pot.: minimum 

ICT: low, since RCM available 

Var. c.: heavily depend on production 
process 

Battery storage 
systems 

Individual large batteries al-
ready exist, decentralised 
concepts conceivable 

Investment costs highly dependent on 
technology and application, 

Lithium-ion battery today: € 150 - 
200 / kW and € 300 - 800 / kWh; in 
2030: € 35 - 65 / kW and € 150 - 300 / 
kWh  

 

The minimum requirements to the ICT of the supplier for the provi-

sion of SBP are higher than those for MR and are regulated by 

[129]. The connection of every technical unit must be carried out 

as part of an SBP pool and the connection of the supplier control 

system to the TSO has to take place via a separate grid. When 

using a public ICT (for example, DSL, GSM or UMTS), it must be 

ensured that it is only used by a restricted user group. Communi-

cation with connections outside of this restricted user group is 
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thereby prevented and a direct connection to the Internet or other 

user groups is not possible. The connection of the control centre of 

the pool operator to the TSO must be redundant. Depending on 

the TSO, the supplier receives a new setpoint value every 1 - 4 

seconds that it then autonomously forwards to the technical units 

in its pool. For units with a low power capacity, this required control 

system connection is a significant effort and incurs high costs. The 

higher power gradient of SBP in the event of its activation is a ma-

jor challenge for some of the alternative suppliers. In addition to 

these technical requirements, the market entry barriers for the pro-

vision of SBP are higher due to the longer time slices. A detailed 

consideration of individual suppliers of instantaneous reserve and 

BP is made in the following section.  

2.3 Calculations for the instantaneous reserve 

First, the method for determining the future demand of instantane-

ous reserve is explained using the Matlab/Simulink model. The 

results of the model yield the frequency response curves for the 

ENTSO-E area for selected hours of the calculated power plant 

utilisation in 2033, after a 3,000 MW generation outage. The share 

of the provision of instantaneous reserve is shown separately for 

Germany and the ENTSO-E area. Furthermore, the frequency re-

sponse curves are examined that result if the generation outage is 

covered only by the rotating masses of foreign countries, and 

therefore when the energy supply system in Germany is powered 

solely by renewable feed-in. Finally, it is shown which alternative 

providers can contribute to the provision of instantaneous reserve 

and how a stable grid operation can be guaranteed by these pro-

viders in the year under review of 2033. 

2.3.1 Method used to determine the instantaneous 

reserve 

The examination of the frequency response after a generation out-

age is crucial to analyse the future demand for instantaneous re-

serve. A mathematical model derived from [130] is used in 

Matlab/Simulink to describe the response. Information and re-

quirements from the ENTSO-E Operation Handbook are adopted 

as a reference and serve to validate the mathematical model. The 
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model takes into account the instantaneous reserve of the rotating 

masses of the synchronous machines, the frequency dependency 

of the load as well as the primary control of the conventional power 

plants. The frequency dependency of the load is assumed to be 

1% / Hz (load droop of SL = 2), and the droop of the primary control 

is assumed to be SP = 0.2. For primary control, a linear increase in 

the reserve power after a generation outage is assumed, similar to 

the assumptions made in the Operation Handbook. The share of 

directly coupled electric machines will decrease in the future in 

favour of grid connection via fully rated converters. An explicit 

model of these grid components is therefore not provided. 

The observed frequency response is a global phenomenon of the 

energy supply system, which is why the analytical framework is not 

restricted to the German power grid. Information on European col-

laborative partners and their feed-in structures must be included in 

the future. The analysis focuses on the frequency response of the 

system, so that an examination of power flows is not necessary. 

Under the premise that the integrated European grid is universally 

viewed as rigid in terms of frequency, its treatment as a point grid 

is permissible. Runtime effects and a possible overloading of 

cross-border transfer points are ignored in this consideration. By 

evaluating the grid calculations carried out in chapter 3, it can be 

generally assumed that cross-border transfer point cables are not 

bottlenecks in terms of the (n-1) criterion even in situations of high 

wind supply, and that there is enough available transmission ca-

pacity for the provision of instantaneous reserve (see Chapter 3.3). 

To study these issues, market simulations (see Appendix A.2) for 

the generation and load structure of Germany as based on Sce-

nario B of the NEP, and for other European countries as based on 

Scenario Outlook & Adequacy Forecast (SO&AF), for the year 

under review of 2033 are conducted and evaluated. Hours of the 

year 2033 with, amongst others, a particularly high proportion of 

renewable energy suppliers are selected and modelled on the ba-

sis of the underlying single-node model. Regenerative energy sup-

pliers are considered to be static suppliers, so they do not contrib-

ute neither to the instantaneous reserve nor to primary control. 

The conventional generation required to cover the remaining re-

sidual load is determined according to the result of power plant 
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utilisation planning, and the involved conventional power plants are 

modelled according to their type using typical dynamic parameters. 

In viewing the system as a single-node grid, the entire rotating 

mass in the grid can be combined into one single equivalent rotat-

ing mass. A uniform system frequency can thus be assumed for 

the entire grid. This is equivalent to the notion that all available 

rotating masses rotate synchronously to the grid's frequency. The 

determined scenario results in a corresponding starting time con-

stant of the grid.  

If this grid suffers a generation outage, the resulting frequency 

response of the ENTSO-E area can be determined using the 

mathematical model. In particular, the focus is on compliance with 

threshold values of the maximum and quasi-steady-state frequen-

cy deviation as per the ENTSO-E Operation Handbook. Compli-

ance with these limits, especially with the lower threshold of the 

maximum dynamic frequency deviation, is regarded as one of the 

important criteria for stable grid operation. 

For different extreme scenarios of the ENTSO-E, the frequency 

response is determined after a generation outage of 3,000 MW. 

This frequency response is then used to derive the fraction of the 

instantaneous reserve provision for Germany and the ENTSO-E 

area. If the threshold values in the selected scenario with a high 

level of feed-in from renewable energy sources and a lower con-

ventional feed-in level are not observed, it is checked in the follow-

ing how much additional instantaneous reserve is required so as 

not to fall below the limit values. Furthermore, the frequency re-

sponse of ENTSO-E is reported that results if Germany has no 

rotating masses in the grid. The frequency response takes into 

account the provision of instantaneous reserve and primary control 

reserve from conventional power plants, as well as the frequency 

dependence of the loads. 

In addition, it is qualitatively examined how many alternative provi-

sion options are needed to ensure stable grid operation in 2033. 

2.3.2 Future development of the instantaneous 

reserve 

In order to determine the future demand for instantaneous reserve, 

different hours of the year 2033 were selected with regard to high 
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(Scenario I), medium (Scenario II and Scenario III) and lower con-

ventional generation (Scenario IV). In consideration of the respec-

tive conventional generation, the results are the current RES feed-

in and the load ratio, which is evaluated using the Matlab/Simulink 

model. 

In Table 2.2, the scenarios considered are summarised. 

Table 2.2  Scenario definition instantaneous reserve - selected hours during 
the year under review of 2033  

Scenario Scenario definition 

Scenario I 

Hour number 
739 

 Evening hour end of January 

 High level of conventional generation 

 Low RES feed-in 

 

Scenario II 
Hour number 
842 

 Evening hour end of February 

 Medium level of conventional genera-
tion 

 High level of wind turbine feed-in 

 

Scenario III 
Hour number 
4071 

 Noon middle of June 

 Medium level of conventional genera-
tion 

 High level of wind turbine and PV feed-
in 

 

Scenario IV

Hour number 
3053 

 Morning hour beginning of May 

 Low level of conventional generation 

 High level of wind turbine feed-in, no PV 
feed-in 

 

 

Explicit load and feed-in data of the selected hours for the German 

energy supply system are listed in Table A.6. The frequency re-

sponse curves over time are shown in figure 2.2 for the selected 

hours for the ENTSO-E area. At time t = 0, there is a generation 

outage of 3,000 MW. 

Shown for the respective hour in every scenario are the rated ap-

parent power (SN) of the grid-connected conventional power 

plants, the current RES feed-in and the total starting time constant 

(TAN) of the energy supply system. It should be noted that the load 

is different in every hour. To ensure comparability of results, par-
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ticularly in relation to the starting time constant of the grid, the load 

is relative to 300 GW in all scenarios. 

  

Figure 2.2 Frequency response curves of selected hours for the ENTSO-E 
area in the year under review of 2033 

The results show that there are sufficient rotating masses on the 

grid for every selected scenario of 2033, which is compliant with 

the limits as per Operation Handbook.  

For Scenario I and as an example, Germany's share and the over-

all share of ENTSO-E in the provision of instantaneous reserve as 

caused by the generation outage are shown in Figure 2.3 for 2033. 

The share of Germany in 2011 for the same hours is shown for 

purposes of comparison. 
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Figure 2.3 Scenario I: Contribution to the provision of instantaneous reserve 
made by Germany and the ENTSO-E area 

In Scenario I, the entire ENTSO-E area including Germany covers 

the occurring generation outage with a braking power of 3 GW and 

by reduction of 7.4 MWh of kinetic energy. In this case, Germany 

contributes with a capacity of approximately 420 MW and with ki-

netic energy amounting to 1.03 MWh.  

Figure 2.4 shows that at a system frequency of 50 Hz, the entire 

European energy supply system has a total available kinetic ener-

gy of 773.6 MWh in Scenario I. In addition to the resulting frequen-

cy response after a generation outage of 3 GW at time t = 0 s, the 

resulting kinetic energy is shown at the time of the frequency min-

imum. 7.4 MWh (cf. Figure 2.3) is withdrawn from the system as a 

result of the generation outage. 

In addition, the frequency response curve is shown that would re-

sult after a fictitious power generation outage in order to reach the 

maximum limit of 49.2 Hz [9]. To reach this limit, 24.6 MWh of ki-

netic energy would have to be withdrawn from the system.  
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Figure 2.4 Scenario I: Frequency response curves for the selected hour and 
the design variant plus designation of the kinetic energy  

For Scenario IV, the results regarding the share of Germany and 

the overall share of ENTSO-E in the provision of instantaneous 

reserve as triggered by the generation outage are shown in Figure 

2.5. 

In this case, Germany contributes to the generation outage with a 

power of approximately 120 MW and kinetic energy amounting to 

0.27 MWh. The kinetic energy withdrawn from the entire ENTSO-E 

area amounts to approximately 7 MWh. 

 

Figure 2.5 Scenario IV: Contribution to the provision of instantaneous reserve 
by Germany and the ENTSO-E 
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Figure 2.6 shows that at a system frequency of 50 Hz, the entire 

European energy supply system has a total available kinetic ener-

gy of 314.7 MWh.  

  

Figure 2.6 Scenario IV: Frequency response curves for the selected hour and 
the design variant plus designation of the kinetic energy 

In addition to the resulting frequency response after a power 

shortage of 3 GW at time t = 0 s, the resulting kinetic energy is 

shown at the time of the frequency minimum. 6.95 MWh (cf. Figure 

2.5) is withdrawn from the system as a result of the generation 

outage. 

In addition, the frequency response curve is shown that would re-

sult after a fictitious generation outage in order to reach the maxi-

mum limit of 49.2 Hz. To reach this limit, approximately 10 MWh of 

kinetic energy would have to be withdrawn from the system.  

By withdrawing almost the same share of kinetic energy from the 

rotating masses in Scenario I and Scenario IV (cf. Figure 2.3 and 

Figure 2.5), a lower minimum frequency (cf. Figure 2.4 and Figure 

2.6) results in Scenario IV. This is due to the different kinetic ener-

gy of the system at 50 Hz. In Scenario IV, the starting capacity is 

less than half at 50 Hz. The system therefore has a lower system 

stability from the very outset. Scenarios II and III are not shown 

because they lie between the two Extreme Scenarios I and IV. 

In the following, the frequency responses are examined for Sce-

narios I to IV from Figure 2.2, which result if the grid-connected 
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conventional power plants with their rotating masses are fully re-

placed by RES feed-in in Germany. 

The frequency response curves shown in Figure 2.7 are the result. 

  

Figure 2.7 Frequency response curves for the ENTSO-E area in the year 
under review of 2033 for selected hours without rotating masses in 
Germany 

It is apparent that even if Germany has no rotating masses during 

the selected hours and the remaining ENTSO-E countries respond 

to the generation outage of 3,000 MW, that no limits are violated. 

There is a sufficient safety margin in all scenarios up to the limit of 

the maximum frequency deviation of 49.2 Hz. In [10], comparable 

conclusions are drawn according to approximate calculations 

based on the current load and generation information and the 

specifications of the Operation Handbook.  

The results for all scenarios are summarised in Table 2.3. 
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Table 2.3 Overview of results for Scenarios I-IV: Starting time constant (TAN) 
and maximum dynamic frequency deviation (fdyn.max) 

  Scenarios 

  I II III IV 

TAN [s]  
relative to 
300 GW 

 

ENTSO-E 18.6 10.5 8.8 7.5 

DE 2.6 0.2 0.2 0.2 

 
fdyn.max. [mHz]

 

ENTSO-E 
area

238 389 469 552 

Assumption 
D 100% 
reg.

259 392 498 562 

 

Since the energy supply system can be operated in a stable man-

ner in all selected hours of 2033, and there are no limit violations, 

a variation with an increased frequency dependency of the load 

and/or increased dynamics of the primary control in the existing 

model is forgone. 

2.3.3 Possible alternative suppliers of instantane-

ous reserve  

Measures must be taken if Germany wants to maintain the status 

quo with respect to stability of the provision of instantaneous re-

serve, and if Germany does not want to fully rely on provision from 

abroad in the future. In this case, the following alternatives are 

available to provide instantaneous reserve:  
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 Wind inertia from wind turbines: implementation of frequen-

cy control using the energy of the rotor required. 

 Use of energy storage systems: use/construction of a stor-

age unit and associated converter with frequency control 

required. 

 Throttling renewable energy plants: slight throttling of re-

newable energy systems and thus no exploitation of the full 

potential of RES. 

 Rotating phase shifters: conversion of disused power 

plants is very expensive. Contribution to instantaneous re-

serve provision is low since the turbine shaft is separated. 

 Must-run power plants: reservation of conventional power 

plants to provide the required instantaneous reserve. 

As already mentioned in the evaluation of current studies, there 

currently is no market mechanism for instantaneous reserve. Con-

ventional power plants are currently not compensated for the pro-

vision of instantaneous reserve. The phenomenon of instantane-

ous reserve is based solely on the physical properties of the rotat-

ing generator masses when a generation outage occurs in the grid. 

Currently, static suppliers are not involved in the provision of in-

stantaneous reserve. With an appropriate control of wind turbines, 

throttling of renewable energy systems, the use of rotating phase 

shifters, storage systems, or must-run power plants, instantaneous 

reserve can be provided. By implementing a frequency control in 

wind turbines, they would be able to provide instantaneous reserve 

by dumping rotational energy. Initially, this can be equated to the 

provision of kinetic energy of the rotating masses of conventional 

power plants. If a power imbalance occurs, the rotating masses of 

generators participate directly in the required coverage. This provi-

sion form incurs low costs. Instantaneous reserve can also be pro-

vided with an appropriate slight throttling of renewable energy 

units. However, the throttled operating mode of the units has a 

direct influence on the volume of energy fed into the grid and thus 

on the degree of exploitation of the renewable energy potential. In 

addition, rotating phase shifters, storage systems with an appro-

priate control and must-run power plants can make a contribution 

to instantaneous reserve. A possible future compensation model 

could be modelled after the already existing remuneration 

schemes for the provision of BP. 
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Due to the small necessary technical changes to wind turbines to 

enable them to provide instantaneous reserves and the great 

technical potential, wind inertia is prioritised in the investigation of 

the preservation of the status quo in Germany.  

Development and coverage of instantaneous reserve in Ger-

many 

In the course of this analysis, it is shown to what extent Germany 

must utilise alternative suppliers to operate the system in 2033 

with the same stability level of 2011, thus without having to rely on 

foreign support. 

For 2011, the hour with the least conventional generation is deter-

mined, likewise for 2033. Due to the same starting points, both 

hours can then be compared. The results of Germany's provision 

of instantaneous reserve for 2011 and 2033 are shown in Figure 

2.8. 

  

Figure 2.8 Scenario IV: Share in the provision of instantaneous reserve by 
Germany for one selected hour in 2033 and 2011 

In 2011, Germany proportionately covers the load step of 

3,000 MW with a braking power of 372 MW and a kinetic energy of 

0.95 MWh. In 2033, the available braking power is three times 

smaller, just like the available kinetic energy. To operate the ener-

gy supply system in 2033 with the same stability as in 2011, an 

additional capacity difference of around 254 MW and a kinetic en-

ergy of 0.68 MWh must be provided by appropriate alternative in-

stantaneous reserve providers in 2033. Assuming a 100% utilisa-
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tion of wind turbines, Scenario IV has a grid-connected capacity of 

34 GW in Germany. With a plant capacity of 2 MW, this corre-

sponds to a total of 17,000 plants that can contribute to the provi-

sion of the capacity and energy difference. If all of these plants 

contribute to the generation outage while subject to a correspond-

ing control, they will be able to supply a capacity of 3.4 GW and a 

kinetic energy of 9.4 MWh to the instantaneous reserve. In view of 

the required capacity and energy difference, this is several times 

the amount required. To provide only the required capacity differ-

ence of 254 MW, a minimum of 1,270 plants is necessary. It is 

evident that the capacity and energy difference can be provided 

only through the use of wind inertia in order to operate the energy 

supply system of 2033 with the same level of stability as in 2011. 

In order to make a statement as to whether the potential of wind 

inertia in the remaining hours of the year under review of 2033 can 

contribute to the provision of instantaneous reserve, a time series 

analysis of wind turbine feed-in is carried out. Using the wind tur-

bine feed-in time series, the available potential of wind inertia is 

determined for each hour of the year. Then the time series is or-

dered by decreasing wind turbine feed-in to yield the power dura-

tion curve (cf. Figure 2.9).  

 

Figure 2.9 The power duration curve of the potential of wind inertia in 2033 
relative to the required capacity difference in 2011, and the mini-
mum feed-in from the conventional generation capacity. 

In addition to the power duration curve, the additionally required 

capacity difference of 254 MW is shown. It is evident that the out-
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put, by taking advantage of wind inertia in well over 8,000 hours of 

the year 2033, is higher than the required capacity difference. In 

about 93% of the cases, it is sufficient to use wind inertia for the 

additional provision of instantaneous reserve in order to ensure the 

same energy supply system stability in 2033 as in 2011. An evalu-

ation of the remaining 7% of hours indicates that there is a portion 

wind inertia that contributes to covering the capacity difference. 

Even in the last sorted hour, the share is 20 MW. Figure 2.9 addi-

tionally shows the minimum feed-in from conventional power gen-

eration. It becomes clear that these hours have a conventional 

power generation capacity of at least 12 GW and thus contribute to 

covering the instantaneous reserve, because the conventional 

generation capacity is about three times greater than in the critical 

hour of the observation year of 2033.  

When activating wind inertia, it should be noted that it must have a 

development similar to that of conventionally generated instanta-

neous reserve. The control of wind turbines must be implemented 

accordingly. The provision of instantaneous reserve has the con-

sequence that it provides the required output at time t = 0 for con-

ventional power plants as well as for wind inertia. The rotor is ini-

tially slowed down after providing instantaneous reserve. If the 

generation of PBP and the frequency dependence of the system 

exceeds the load, the power generation units are accelerated 

again and returned to their rated speeds. Due to a constant di-

mensioning of the PBP and the frequency dependence of the 

loads in the energy supply system in 2011 and 2033, the throttled 

power generation units can be accelerated up to their rated speeds 

in the future once the instantaneous reserve has been supplied. 

Additional provision of power is therefore not required. It should be 

noted that the consideration of the potential of wind inertia took 

place without dynamic calculations.  

Technical and legal framework 

Currently, alternative suppliers cannot and may not participate in 

the provision of instantaneous reserve. In order to call upon an 

active participation of alternative suppliers in the provision of in-

stantaneous reserve in the future, the technical guidelines must be 

adapted early enough, so that enough wind turbines are equipped 

with wind inertia by 2033. Since there are no stringent require-

ments to the regional distribution of instantaneous reserve suppli-
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ers and no technical upper limit of instantaneous reserve provision, 

no further adjustments to the framework are required. What an 

appropriate remuneration scheme would look like is not the topic of 

the present study and is therefore not looked at in detail. 

2.3.4 Relationship between instantaneous reserve 

and primary balancing power 

For the future development of the instantaneous reserve, it is nec-

essary that the entire ENTSO-E grid area with all its grid-

connected rotating masses of conventional power plants is taken 

into account, since the considered frequency response is a global 

phenomenon of the energy supply system. The instantaneous re-

serve is a purely mechanical factor. In all scenarios of 2033, con-

ventional power plants are connected to the grid and contribute to 

the instantaneous reserve. As the largest assumable error, the 

failure of a double busbar with a connected power plant output of 

3,000 MW is to be mastered. The 3,000 MW of PBP to be re-

served in the ENTSO-E area is to be activated at a quasi-steady 

state frequency deviation of 200 mHz, which is consistent with the 

first stage of the 5-stage plan.  

The further steps depend on the requirements of the Operation 

Handbook Policy 5 [31]. It is assumed that in 2033, all wind energy 

utilisation systems have been upgraded or replaced according to 

the guidelines in force today. This would prevent a shutdown at 

49.7 Hz or 49.5 Hz [73]. Starting at a limit value of 49.0 Hz, selec-

tive automatic load adjustments take place to stabilise the grid 

frequency [72]. The current dimensioning of PBP of 3,000 MW will 

not change by 2033. Even if only a low power plant capacity is 

feeding into the grid at certain times, France for example would still 

have large generating units connected to the grid. 

Due to the Europe-wide coordinated planning principles, output 

from conventional power plants will feed no more than 3,000 MW 

into the grid via one common busbar. According to [4], the planned 

HVDC transmission connections in 2033 do not have higher 

transmission capacities than the design variant. In addition, the 

current and future connection capacities of a secondary 380 kV 

node do not exceed a generation output of 3,000 MW and thus 

have no impact on the design variant. A risk to stability would re-

sult after an outage of over 3,000 MW. The additional power flow 
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may thus lead to overloads and line shutdowns, which would not 

be ruled by the formation of partial grids, or an impermissible grid 

oscillation could be the result, compromising grid operation. [73] A 

current and future planning principle must therefore take into ac-

count a shortage of 3,000 MW for operational planning (cf. Chap-

ter 5). 

The relationship between the provision of the instantaneous re-

serve and the provision of the PBP is illustrated for Scenario IV in 

Figure 2.10. 

 

Figure 2.10 The relationship between the provision of instantaneous reserve 
and PBP 

The largest error to be controlled is an outage of 3,000 MW that is 

covered only by the instantaneous reserve at time t = 0, i.e. by the 

rotating masses of conventional power plants. A constant PBP of 

3,000 MW is assumed for the whole ENTSO-E grid area in the 

year 2033. The PBP (grey line) successively replaces the provision 

of instantaneous reserve. At time t = 30 s, the maximum PBP is 

activated. Its activation has the characteristics of proportional con-

trol. With the reserved PBP of 3,000 MW and a quasi-steady state 

frequency deviation of 200 mHz, the result on power plant side is a 

power-frequency characteristic of 15,000 MW/Hz. Taking into ac-

count the grid self-regulating effect of 1%/Hz, a share of 

1,500 MW/Hz would result when assuming an low load case with a 

high DECU feed-in of 150 GW. [9] The resulting grid characteristic 

is 16,500 MW/Hz in this case. It should be noted that the outage of 

3,000 MW must be covered at all times. After about 8 seconds, the 
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outage of 3,000 MW is covered on the one hand by the instanta-

neous reserve of 1,500 MW and on the other by the PBP and the 

frequency-dependent loads. 

2.4 Calculations on primary balancing power 

The demand for PBP in the ENTSO-E area is divided proportion-

ately amongst the individual TSOs based on the annual total feed-

in volume. In the future scenario of this study, an approximately 

constant load is assumed, and according to the results of the mar-

ket simulation, the German export balance is not (see also Appen-

dix A.2) altered significantly. In the following analysis, therefore, 

the current German PBP share of 551 MW is assumed for the year 

2033. 

PBP today is provided both by thermal and by hydraulic power 

plants, whereas the proportion of hydraulic power plants with a 

prequalified capacity of 60% predominates [136]. According to the 

German Transmission Code [39], generating units over 100 MW 

are obligated to provide PBP amounting to ±2% of their nominal 

capacities. Since a sufficient number of thermal power plants are 

always active in today's generation, sufficient PBP can be provided 

from active thermal and hydraulic power plants.  

Due to the reduced residual load in the 2033 scenario, a greatly 

reduced contribution from thermal power plants compared to today 

is the result. Power plant utilisation models for 2033, for example, 

show that large-scale thermal power plants are needed no longer 

than 100 hours to cover the load. Consequently, there is a reduced 

participation in the provision of PBP. To quantify this effect, the 

power plant utilisation simulation is employed (see Appendix A.2) 

and supplemented by the ability of individual types of power plants 

to provide PBP. The power gradients in Table 2.4 are used. Until 

2033, a more volatile generation situation is to be expected along 

with an adapted power plant design, so the more flexible published 

values are chosen for this study.  
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Table 2.4 Power gradients of thermal and hydraulic power plants [137] [138]. 

Type of  
power plant 

Power gradient 

PN/min 
Tech.  

Minimum output 

 Literature Selected Literature Selected 

Lignite 2% - 8% 6% 40% - 60% 40% 

Hard coal 3% - 8% 8% 30% - 40% 30% 

Gas 8% - 12% 12% 20% - 40% 20% 

CCGT 5% - 12% 10% 20% - 40% 20% 

PSP 100% 100%   0% - 25% 25% 

The maximum hourly PBP that can be provided by the active gen-

eration mix can now be calculated using the annual overview. Ac-

cording to the parameters selected in Table 2.4, the thermal power 

plants in operation provide PBP within the required 30 seconds 

and with 3% to 6% of their nominal capacity. PSPs provide PBP 

through a coordinated fine-tuned control of the water supply during 

turbine and pump operation. Due to their high power gradient, 

modern PSPs are taken into account for PBP provision with 50% 

of their nominal capacity [139]. Since the storage capacities of 

German PSPs exceed the provision time required for PBP several 

times over, the storage capacity of a PSP is not a restriction here 

[4] [158]. 

The results of the simulation for the provision of PBP in 2033 are 

compared with the amount required, identifying the uncovered 

PBP demand. Figure 2.11 shows the allocated demand for PBP 

that cannot be covered by active conventional power plants and 

PSPs in 2033. The dashed line shows the result assuming the 

selected power plant gradient for a full activation of the PBP avail-

able in Germany within 30 s. In 30% of the annual hours, there is a 

non-covered PBP demand in Germany. The requirements of the 

applicable time slices for the PBP tender of one week are neglect-

ed here. When considering the weekly reservation, demand for 

PBP cannot be met by conventional suppliers at any time. 
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Figure 2.11 Allocated demand for PBP that cannot be covered by thermal and 
hydraulic power plants in 2033. The various curves illustrate the 
influence of the nominal capacity share that power plants can pro-
vide as PBP. 

Since the actually achievable gradients are highly dependent on 

the individual design of the power plant as well as the current op-

erating point, further sensitivity analyses are being carried out: if 

thermal and hydraulic power plants provide only the ±2% of their 

nominal capacity as PBP as defined by the transmission code's 

minimum requirements, then the required PBP cannot be provided 

in 80% of the annual hours. With a theoretical minimum require-

ment of ±6%, however, about 10% of the annual hours remained 

without sufficient PBP. In the following considerations, the individ-

ual gradients in Table 2.4 are taken as a basis. 

It is possible to reserve thermal power plants as so-called must-run 

plants for the provision of the unmet demand for PBP. If flexible 

gas-fired power plants with a power gradient of 12%/min. and a 

minimum output of 20% are used, according to Table 2.4, the re-

sult of the ratio of provided PBP to electric power generation is 

approximately 4.3 MWel/MWPBP. This means that the provision of 

one MW of PBP from one gas-fired power plant causes 4.3 MW of 

must-run output. The unmet demand for PBP is approximately 

490 GWh when using the individual power plant gradient. To pro-

vide this demand through gas-fired power plants, approximately 

2.1 TWh of electrical energy must be generated that is not required 

to cover loads. With assumed future electricity generation costs of 

€ 95 - 125 per MWh [140], this corresponds to additional reserva-

tion costs of € 200 - 317 million per year. (For comparison: In 
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2011, the costs of providing the entire PBP amounted to € 112 

million [141].) 

In addition to the conventional provision of PBP by large power 

plants, there are several innovative concepts to use new suppliers. 

These include battery storage systems, wind turbines, PV sys-

tems, BMP, run-of-the-river power plants and loads. In principle, 

supply-dependent generators have the problem that providing a 

positive balancing potential is usually associated with energy yield 

losses. Since positive and negative balancing directions in PBP 

pools can be provided by individual plants [142], these plants 

would lend themselves to pooling with suppliers of negative bal-

ancing potential. Positive and negative balancing potential can 

therefore be considered separately. 

The hours of the year 2033 in which there is an unmet demand for 

PBP are known from the analysis of the deficit hours in Figure 

2.11. In a further step, these hours are compared with the feed-in 

time series of feasible new suppliers of PBP. Figure 2.12 shows 

the results of this analysis. For example, if the current wind turbine 

feed-in capacity can be throttled by 2% at any time of the year and 

thus be offered as negative PBP, then the need for negative PBP 

would be secured for 99% of the annual hours. Likewise, a reser-

vation of 2% of the current wind turbine feed-in capacity can cover 

the demand for PBP 99% of the time.  

The analysis shows that PV systems can only make a small con-

tribution to the provision of PBP in addition to conventionally gen-

erated PBP. The reason is the low temporal coincidence between 

increasing PBP demand and PV system feed-in capacity. Run-of-

the-river power plants and BMP are in principle technically suita-

ble. To fully deliver the additional required PBP, however, a wide 

operating range or a high proportion of power plants upgraded for 

PBP provision are required. If this flexibility is brought about by 

hydropeaking in run-of-the-river power plants (cf. [106]) and by 

storage systems in BMP (cf. [125]), then hydropower and biomass 

energy does not remain unused.  
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 Figure 2.12 Provision of PBP by new suppliers. The figure shows the 
achievable supply rate with PBP with reservation (pos. PBP) and 
the possibility of throttling (neg. PBP) of the active capacity of the 
respective supplier. 

Wind turbines exhibit a high feed-in potential up to throttling or 

reservation of 1.5% of their qualified feed-in capacity. With an in-

creasing capacity of qualified wind turbines, the marginal utility 

decreases due to a lacking temporal coincidence of wind supply 

levels and demand for PBP. For the provision of the total uncov-

ered PBP demand, an operating range of approximately 40% is 

necessary, so a combination with battery storage systems or 

BMPs would be beneficial. Field tests have shown that the provi-

sion of PBP currently poses technical challenges in addition to the 

requirements of the tender (symmetric tenders, long lead time) 

[112]. If a wind farm is to produce PBP, it must be ensured that the 

individual turbines respond synchronously in order to prevent oscil-

latory behaviour. In Ireland, a mandatory participation of wind 

farms is currently being implemented regarding frequency control 

[113]. 

The provision of positive PBP by reducing the load leads to full 

coverage starting with a share of about 1.3%. In terms of load flex-

ibility, both the large number of domestic loads that be switched on 

or off in short intervals [107], as well as industrial loads (cf. SOL in 

[75]) can be considered as providers of PBP. They are technically 

able to contribute to PBP. The same applies to biomass plants. 

The term comprises various types of technologies used to gener-

ate electricity from bioenergy. Gas motors are often used for elec-

tricity generation and their power gradient in principle allows for the 

provision of PBP. Hydroelectric power plants are convenient be-

cause they have a high number of full load hours in comparison 
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with other alternatives. As part of a project, a composite consisting 

of ten run-of-the-river power plants was prequalified for 30 MW 

PBP and supplied 20 MW consistently throughout the year by 

means of hydropeaking [106]. Battery storage systems can be 

used as another alternative, or to provide PBP [104], [119]. To fully 

cover the additional demand, 551 MW of prequalified PBP is re-

quired, but this is necessary only in a few hours per year (cf. Fig-

ure 2.11). 

A cost comparison of combinations of alternative suppliers of PBP 

in 2033 is listed in Table 2.5. In this consideration, the missing 

PBP is provided by additional thermal power plants (must-run), 

throttling of wind turbines by 1% or 2% and throttling of BMP by 

2% in combination with wind turbines by 2%. The cost required to 

achieve the generation mix's expansion state listed in the Grid 

Development Plan [5] are not taken into account. Since a very high 

prequalified power capacity is required for a complete coverage of 

the PBP demand (cf. Figure 2.12) by wind turbines or biomass 

plants alone, it is assumed that these suppliers will be combined 

with battery storage systems. These storage systems cover the 

missing PBP volume. As another alternative, PBP provision alone 

by battery storages is being considered. For thermal power plants 

to achieve the gradient required for PBP, they must have a mini-

mum capacity. This surplus is 2,100 GWh in the considered sce-

nario, and is referred to as "∆ production" in Table 2.5. According-

ly, the throttling of turbines leads to a generation deficit. Employing 

BMPs for the provision of PBP does not incur a generation deficit 

since it only shifts the generation capacity by means of intermedi-

ate storage. The indicated energy costs result from the specified 

energy volume and the actual electricity generation costs as an 

opportunity of supplier. Electricity generation costs are taken from 

[140] and amount to € 96 - 151 per MWh for wind turbines. These 

volume differences must be covered by a generation mix utilisation 

that deviates from the cost optimum allocation. The resulting costs 

are not taken into account.. The investment costs for a battery park 

are taken as a basis for the missing capacity required to cover the 

PBP demand. Energy installation costs of € 35 - 65 per kW for 

lithium-ion batteries with the main application of frequency control, 

and capacity installation costs of € 150 - 300 per kWh and a ser-

vice life of 10 to 30 calendar years are assumed for the calculation 

[118]. Based on existing PBP batteries [104], it is assumed that 
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power and capacity will be implemented 1:1. Storage losses are 

neglected in the cost comparison due to the high overall efficiency 

of 85 - 90% [118]. Based on this information, the capital-value-

neutral costs are determined using the net present value method. 

Interest on capital is 7% p.a. for this calculation. The various sup-

pliers and their combinations (e.g. wind turbines + BS) differ great-

ly in the medium-cost segments. Providing the PBP through bat-

tery storage systems appears to be economically feasible based 

on the assumptions made. Regarding the costs of battery storage, 

however, it must be considered that there will be a pronounced 

degression of the investment costs. Construction at current system 

costs would incur annual costs of € 20.0 - 78.5 million. For a single 

battery park with 5 MW / 5 MWh, this would equate to investments 

of € 2.3 - 5.0 million. Since the regulation of PBP is decentralised, 

ICT costs can be considered very low. The costs of technically 

upgrading the respective system are heavily dependent on the 

type of plant and possibly all required components already exist. 

Therefore, these two cost pools were not taken into account when 

determining the total costs of providing the missing PBP. 

 

Table 2.5 Provision of missing PBP in 2033. All information refers to 
(possibly annualised) yearly values.  

Provider 
∆ produc-

tion  
[GWh] 

Energy 
costs  

[million €] 

Missing 
capacity 

[MW] 

Storage installa-
tion costs  
[million €] 

Average 
costs  

[million €] 

Therm. must-run 
power plant + 2,100 200 - 317 - - 258.5 

Wind turbines 1% 
+ BS - 362 34.8 - 54.7 308 MW 4.6 - 16.0 54.1 

Wind turbines 2% 
+ BS - 415 39.8 - 62.7 285 MW 4.2 - 14.8 60.0 

Biomass 2% 
+ wind turbines 
2% + BS 

- 135 13.0 - 20.4 105 MW 1.6 - 5.5 19.9 

Battery storage 
systems (BS) - - 551 MW 8.2 - 28.6 16.9 

 

Assuming the existence of a generation mix as described in the 

scenario framework (cf. A.1), cost-optimal power plant operation 

(cf. A.2) as well as the power gradient used in (cf. Table 2.4), bat-
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tery storage systems prove to be the most cost-effective alterna-

tive to cover the missing PBP demand.  

2.5 Calculations on secondary balancing power 

and minute reserve 

The study of the future demand for SBP and MR is based on a 

model which draws upon currently existing, convolution-based 

methods. The results demonstrate the demand of the Scenario 

2033 using the existing method and the expanded approach. Fur-

thermore, the influence of the wind and PV forecast error on the 

demand for MR is indicated. Subsequently, an investigation of de-

mand for BP as based on the SBP set-point signal and the impact 

of rapid wind speed changes and the management of balancing 

groups follows. Based on the scenario for 2033, it is shown to what 

extent potential providers of BP are available at low residual loads. 

Finally, there is an economic evaluation of alternative providers 

based on the potential revenue on the MR market.  

2.5.1 Future demand 

Previous studies on the future demand for reserves for capacity-

frequency control show a large range of results. A direct compari-

son of the individual study results, however, is difficult due to the 

large number of different assumptions made, in particular regard-

ing development scenarios, forecast errors and distribution func-

tions as well as deficit levels. However, a common trend is reflect-

ed in a moderate to strong increase in demand for MR and small 

changes in the demand for SBP. 

The main factor influencing the future demand for MR is the ex-

pected improvement of forecasts. Figure 2.13 shows the sensitivity 

of the demand for positive MR with variations in the errors of the 

wind power forecasts, PV forecasts and joint variations of both 

factors. Basis of the calculation is the currently used convolution-

based approach. As reference values, a forecast error of 

0,85	%	is assumed as based on [1] both for wind power and for PV 

forecasts. Further assumptions used for the calculations can be 

found in Appendix C. 
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Figure 2.13 Demand for positive MR in 2033 with an individual and joint 

variation of (h-1) forecast errors for wind power and PV. 

Due to the uncertainty regarding the future forecast error (for com-

parison: in 2007, the (h -1) wind power forecast error was approx-

imately σ 1,5	%	[1]), the forecasts of the future demand for MR 

are also subject to high levels of inaccuracy. At the same time, 

when using the (h -1) forecast error, it must be taken into account 

that the difference between the day-ahead and intraday forecast is 

offset by the intraday market. Part of the forecast uncertainty is 

thus shifted onto the energy market. In case of insufficient market 

liquidity, there may be larger balances for BP to compensate for 

despite highly accurate forecasts. 

Due to the forward projection of the current dimensioning proce-

dure, there is a systematic problem resulting for an energy system 

with a high share of fluctuating generation: a calculation of the CR 

requirements based on installed RES capacities leads to increased 

CR quantities, even in times of low uncertainties of the system 

balance. An increased CR reservation by PV feed-in is necessary 

only given a sufficiently high level of solar irradiation. Similarly, a 

lower absolute forecast error can be expected during periods of 

low wind supply.  

In order to cope with the increasing volatility of technically neces-

sary future CR quantities, their dimensioning should be adapted to 

their respective balancing uncertainties. In the following, therefore, 

an adaptive method for CR dimensioning is presented that adapts 

the tender volume for SBP and MR to the day-before feed-in fore-

casts. Instead of quarterly dimensioning, the tender volumes are 
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calculated daily for the day ahead with an hourly resolution and are 

subsequently adapted to the designated time slices of the respec-

tive CR type. The adaptive dimensioning thus represents an ex-

tension of the convolution-based method currently in use [97], 

which uses forecast performance values for the day ahead (day-

ahead forecast) instead of the installed RES capacity. At the same 

time, the installed capacity forecast error for wind power or PV 

feed-in  can be replaced by performance-based forecast errors 

	. 

 This would accommodate for the non-linear relationship between 

RES feed-in and specific forecast errors (cf. [1]). An overview of 

the differences between the conventional dimensioning method 

and the adaptive approach can be found in Table 2.6. 

Table 2.6 Comparison of the input variables of today's convolution-based 
method with the adaptive approach based on the day-ahead RES 
forecast  

Balancing uncertainty  Today's approach   Adaptive approach 

Power plants Tot. generation mix Only running power plants 

Load noise Annual peak load Load forecast 

Load forecast error Annual peak load Load forecast 

RES feed-in Inst. RES capacity Forecast RES capacity 

RES forecast error
Forecast error relative to in-
stalled capacity,  

performance-based forecast 
error, 	 

 

With adaptive CR dimensioning, the CR volume can be reduced 

during periods of low balancing uncertainties. Large volumes are 

tendered only (high wind supply and PV feed-in) in times of high 

uncertainty. Compared with the conventional dimensioning meth-

od, the average CR volume can be significantly reduced. Figure 

2.14 shows the average CR volumes required for the year 2033 as 

per the current method (static) in comparison with adaptive dimen-

sioning (adaptive). In order to classify the results, the volumes ac-

tually tendered in 2011 are given. In the adaptive approach, the 

value range in which the tender volumes fluctuate throughout the 

year is also specified. 

 



Frequency control  

 

70 

 
 

Figure 2.14 Annual average of current and future CR demand as per the 
current method (static) and the adaptive method.  

Compared with the static approach, the additional demand for MR 

in 2033 can be reduced by about 40% (MR+) and 55% (MR-) ver-

sus the annual average by applying the adaptive method. Howev-

er, there still is an increased demand for MR compared with 2011, 

both on average and during peaks, when using the adaptive ap-

proach. The difference for SBP is less pronounced. A detailed de-

scription of the adaptive dimensioning method is given in [20]. The 

detailed assumptions of the results presented here can be found in 

Appendix C. A further reduction in the average volume of required 

MR is possible by adjusting the time slices for the CR tenders. In 

[20] however, it was shown that even an introduction of hourly time 

slices would yield a relatively small reduction in the required MR 

volume. 

2.5.2 Influence of rapid wind speed changes on the 

balancing energy demand 

As early as 2010, hourly jumps of the CR demand during times of 

significant rises of the consumption load were reported [97]. Ac-

cording to this, especially hours with a high load increase or de-

cline exhibited imbalances in the control area. The reason given is 

that management of the balancing groups often takes place in one-

hour intervals, and sharp rises of the load curve can be reacted to 

only insufficiently. During the hours in question, an control area 
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imbalance is observed that manifests itself in a demand for posi-

tive CR during the first half-hour and for negative CR during the 

second half-hour (sawtooth wave). This behaviour is exemplified in 

figure 2.15, which shows the mean CR demand in a four-second 

resolution for the entire GCC after the IGCC optimisation for the 

month of March in 2013. The figure shows that the CR demand 

exhibits the typical sawtooth profile with sharp rises in several 

hours. 

  

 
Figure 2.15 Average CR demand in the GCC using the example of March 2013 

in the course of the day, data provided by: 50Hertz Transmission 
GmbH. 

In October 2012, measures for the adaptation of the method for 

calculating the uniform balancing energy price (reBAP) were de-

cided [150]. The coupling of the reBAP to the spot market price 

and the markup for a high CR activation volume set the incentive 

to stabilise the balancing groups and to respond to the quarter-

hour-resolution load curves. The presented results of the demand 

for CR in figure 2.15 show that despite the additional incentive, 

there still are numerous hourly jumps. Many of those responsible 

for balancing groups therefore do not meet their legal obligation of 

a quarter-hour compensation, or they lack technical or market-side 

resources. According to an example evaluation of BNetzA [96] for 

a few days in the winter of 2012/2013, the problem of hourly jumps 

in times of rapid wind speed changes or PV forecast errors is only 

reinforced. This relationship can be demonstrated throughout the 

year. To this end, the 5-minute average of the GCC balance is 

compared with the rate of change of wind power feed-in during the 
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quarter hour (cf. Figure 2.16). An increased average balance devi-

ation given high rates of change of wind power feed-in is evident. 

Marked changes in wind speed more frequently occur during peri-

ods of high wind supply levels; the influence of these speed 

changes on the demand for SBP is considerably more pronounced 

than the influence of the absolute wind supply. Another striking 

feature is an asymmetrical effect that promotes a negative balance 

deviation. If, for example, feed-in from wind turbines increases to 

715 MW or more within a quarter of an hour, the total average de-

viation is about -720 MW. In these quarter hour intervals, the GCC 

tends to be oversupplied and the annual average of about -70 MW 

is significantly exceeded. These values are of a magnitude rele-

vant to the dimensioning of SBP (average of about ± 2,100 MW in 

2012). Accordingly, this effect should be monitored and, if re-

quired, considered in the future dimensioning of SBP. 

The results of the market and grid model also allow a detailed 

analysis of the relationship between the expansion of installed 

wind capacity and the occurrence of rapid changes in wind speed 

for the year 2033. The maximum feed-in deviation of wind turbines 

within one hour is 3.4 GW in 2011, and 10.2 GW in 2033. Howev-

er, typical wind speed changes lead to an elevated feed-in capaci-

ty for several hours (cf. [96]). Where the maximum feed-in differ-

ence is 7.3 GW for a period of eight hours in 2011, this difference 

will increase to 21.4 GW in 2033. These figures illustrate the im-

portance of forecast accuracy and the need for a quarter-hour 

management of balancing groups for the demand for CR. 
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Figure 2.16 Average CR demand in the GCC as a function of rapid changes in 

wind speed for the year 2012, data provided by: EEX Transparen-
cy, 50Hertz Transmission GmbH. 

In addition to rapid changes in wind speed, an influence of the 

gradient of the residual load on the balance deviations in the GCC 

is apparent. Here, too, there is a pronounced asymmetric behav-

iour: a sharp decline of the residual load promotes the use of 

negative CR although even highly positive gradients exert only a 

minor influence. 

2.5.3 Provision of secondary balancing power and 

minute reserve 

Analogous to the considerations of PBP provision, the cost-

optimised power plant use model for 2033 (see Appendix A.2) can 

be combined with the power gradient and minimum capacity of the 

individual types of power plants in Table 2.4. The quantity of SBP 

and MR that can be provided by power plants required for load 

coverage can now be analysed with this. To this end, the one-

minute power gradients from Table 2.4 are compared with the gra-

dients required for a load-dependent mode of operation, therefore 

calculating the available power gradient required for the provision 

of CR. Taking into account the minimum capacity of the power 

plants, the capacity that the individual power plants can provide as 

SBP and MR can then be determined.  

According to the prequalification conditions, the available power 

gradient for a full provision of capacity for SBP is considered within 
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5 minutes, and for MR within 15 minutes. While thermal power 

plants can offer balancing reserves only in their active state, PSPs 

can provide SBP and MR from a standstill [139]. The provision of 

SBP is prioritised due to the higher potential revenues on the SBP 

market. MR is only provided by PSPs when the demand for SBP is 

fully covered in the hour in question. Afterwards, the technically 

possible provision of different types of CR can be compared with 

the previously calculated demand. A basis for comparison is the 

previously determined demand for SBP and MR as per the adap-

tive process. Two further comparative calculations are carried out 

to analyse the influence of the SBP and MR time slices. The un-

derlying calculation is based on hourly time slices while the second 

variant uses the time slices available today (SBP: 12 h, MR: 4 h). 

Within one time slice, the entire generation mix can only offer the 

minimum balancing power potential of the individual hours. 

The analysis shows that the demand for CR in 2033 cannot be met 

throughout the whole year from the generation mix that is active for 

load coverage. This applies, under the assumption of today's time 

slices, to both balancing directions of SBP and MR (Figure 2.17). 

Regarding MR, there is an uncovered demand of up to 3,700 MW 

in 204 h (pos. MR) and 648 h (neg. MR). By prioritising the provi-

sion of SBP, there is a deficit of SBP in only 60 h (pos. SBP) and 

96 h (neg. SBP).  

 

 

 

Figure 2.17 Allocated uncovered demand for BP CR in 2033. Left: while 
maintaining today's time slices. Right: for hourly time slices. 

If hourly time slots were used as a basis instead of the currently 

used time slices, then the CR deficit would be reduced significant-
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deficit hours, for SBP, there would only be a deficit of 8 h in the 

positive balancing direction. Negative SBP, however, can be fully 

provided in all hours of the year. 

Due to the low number of full-load hours of conventional power 

plants in the future, a rising share of CR will be provided by PSPs. 

The pump operation of PSPs plays a special role. During these 

hours of low residual load, they can prevent throttling or the export 

of supply-dependent feed-in, and they allow for the operation of 

base load power plants, in particular during the midday PV peak. 

However, pump operation is a restriction for CR provision, be-

cause there is only a positive balancing potential at full pump ca-

pacity. Particularly in the case of SBP, the CR that can be offered 

during one time slice will be reduced by brief pumping phases.  

To illustrate a production situation that can lead to a significant 

deficit in CR, the following section analyses the hour with the high-

est uncovered demand for negative SBP and MR. This hour is 

examined in detail in the following section in terms of the genera-

tion situation and potential new suppliers of MR. 

2.5.4 Provision of balancing power at a low 

residual load  

The energy market-oriented power plant utilisation model does not 

provide for the utilisation of large-scale fossil power plants during 

several hours of the year. Without the explicit designation of must-

run units, the entire CR volume during these hours must be pro-

vided by PSPs, other storage technologies, fluctuating generation 

or other innovative CR suppliers. Even in hours with a low volume 

of fossil generation, the flexibility of the active power plants is not 

sufficient to fully cover the identified demand for SBP and MR. The 

absolute level of demand is not decisive for the volume of the un-

covered demand, instead the deficit is determined by the volume 

of the residual load.  

Figure 2.18 shows the generation situation in 2033, in which the 

previous analysis identified the highest deficit of negative CR. It is 

at noon, during a particularly windy and sunny day in April of the 

scenario year. The analysis of the deficit of positive CR takes 

place in Chapter 2.5.5 as part of an annual overview.  
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Figure 2.18 Generation situation and CR demand at the time of the highest 
uncovered negative CR demand in 2033 (noon in April). 

The total balancing potential in this generation situation can be 

inferred from the minimum capacities, the gradients of the thermal 

power plants and the balancing potential of the PSPs. The capaci-

ty of the active lignite power plants is already reduced by about 

30% at this time, so they have a limited balancing potential. Most 

PSPs are already in pump operation mode, so they have a positive 

balancing potential exclusively. Only the capacity of the inactive 

PSPs (600 MW) can be used for negative capacity reservation. At 

this time, therefore, there is a deficit of about 3,600 MW of nega-

tive balancing reserve (SBP + MR), while the demand for positive 

balancing reserve can be fully covered (see Figure 2.19). To sup-

ply this uncovered demand, further PSPs may be drawn upon by 

forgoing pump operation. With the now reduced grid load, howev-

er, excess feed-in volumes must be limited or exported. 
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Figure 2.19 CR demand (SBP + MR) as well as potential providers at the time 
of the greatest deficit of negative CR in the 2033 scenario. 

Besides PSPs, storage systems (for example, battery storage sys-

tems), flexible loads, biomass plants and the provision of negative 

CR by wind turbines come into consideration. The potentials of 

CHP plants and heat pumps are neglected due to the low thermal 

energy demand for that point in time. The required additional vol-

ume of negative MR can be provided, for example, by throttling 

wind turbine feed-in capacity by about 7%. With the additional in-

clusion of PV systems, an average reduction of the feed-in capaci-

ty by 5% would suffice. With a combination of biomass and wind 

turbines, a reduction of 5% or 10% is sufficient. However, the ac-

tual nominal capacity of wind turbines and PV systems to be quali-

fied for the provision of CR may be higher for the following rea-

sons:  

 to reach the required level of security, the entire forecast 

feed-in capacity cannot be sold as CR [111], [112]. 

 The operating range of a wind turbine does not necessarily 

extend across its total nominal capacity range. To provide 

1 MW of CR with an operating range of 10%, 10 MW of 

wind turbines must be qualified. 

 A number of turbines is possibly already involved in the 

provision of other ancillary services (e.g. PBP). 

 The geographical distribution of the CR volumes may pos-

sibly need to cover existing core portions and take potential 

grid bottlenecks into account. 

These limitations strongly depend on the composition of the pool, 

the forecast accuracy and the prequalification conditions and are 
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therefore not taken into account in calculations in the further 

course of this study. For the 2033 scenario, it is assumed that ap-

proximately 80% of the wind turbines' nominal capacity in larger 

wind farms is connected to the high-voltage level (HV) (cf. Ta-

ble 3.1). Since only a portion of the wind power must be throttled, it 

will likely be enough to qualify these wind farms to guarantee a 

sufficient negative CR volume. As an alternative to the provision of 

SBP by lignite power plants and PSPs, the use of battery storage 

systems also comes into consideration. However, a high storage 

capacity is required for the usually longer activation times of SBP 

compared with the provision of PBP. A review of these and other 

alternatives follows in the next chapter and in an annual overview.  

2.5.5 Annual overview of the provision of 

balancing power 

Combined with the capacity gradients of the power plant types in 

Table 2.4, the power plant utilisation model allows for an analysis 

of the undersupply of the balancing reserve for the year 2033. In 

addition to the consideration of individual hours, the identified re-

maining demand for SBP and MR (see Figure 2.17) are also de-

termined over the course of the year. The remaining demand re-

fers to the demand for CR that cannot be covered by thermal and 

hydraulic power plants that are used for load coverage. 

A residual demand in the positive balancing direction occurs main-

ly when PSPs cover short peak loads at low residual loads, there-

by avoiding the short-term operation of large-scale thermal power 

plants. A conventional supply with positive balancing reserve could 

be achieved by starting flexible thermal power plants in these 

hours, thus liberating the available PSPs for the provision of re-

serve power. However, the actual operating performance of the 

PSPs also heavily depends on the price level on the CR markets 

and may have a greater tendency for the provision of CR than 

considered in the model.  

The reduced capacity operation of wind turbines and PV systems 

will not be considered as an alternative for the provision of positive 

balancing potential. Relatively low opportunity costs arise from 

potentially low market prices for energy at that time, the lost ener-

gy volumes however are significant (cf. [111] [112]).  
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Switchable loads are more suitable for the provision of MR due to 

the high technical requirements and the more complex ICT con-

nectivity. As an alternative for SBP, switchable loads are therefore 

suitable only for pooling with power generation units or storage 

systems. The only prequalified load for SBP is offered by the elec-

trolysis process in a zinc smelter [101]. Another marketing option 

for large consumption units is offered by the market for interrupti-

ble loads, which would also make a contribution to grid and system 

security.  

In addition to thermal power plants and PSPs, other suppliers of 

positive and negative capacity are discussed separately for SBP 

and MR below. For each of these suppliers, the impact of provision 

and, if necessary, the resulting costs are stated. 

The model yields a residual demand for positive SBP in 96 h (eight 

12-hour time slices) of the year 2033 with a maximum of 

2,024 MW. During the course of the year, the residual demand is 

132 GW*h. Here, the unit GW*h does not indicate energy, but the 

provision of a capacity potential over time. There is the option of 

reserving flexible must-run units to use thermal power plants to 

cover demand. Analogous to the determination of overproduction 

by must-run units for primary balancing (Chapter 2.4), an overpro-

duction of about 0.3 MWel/MWSBP+ is determined for a gas-fired 

power plant. This value is derived from the minimum capacity of 

20%, the capacity gradient of 12%/min, and the activation time of 

SBP of 5 min. Over the year, there is an overproduction of 

39.6 GWh that incurs annual costs of € 3.8 - 5.0 million at electrici-

ty generation costs as per Chapter 2.4.  

Provision by PSPs requires forgoing generator operation in the 

corresponding hours. This leads to the loss of profits through arbi-

trage dealings in the energy market. On the other hand, load cov-

erage in this case takes place by additional generators, which re-

sults in an overproduction of about 11 GWh by other, possibly 

thermal, generators. However, the resulting additional costs arise 

from the average actual electricity generation costs in 2033 and 

thus fall short of the expenses of a thermal must-run power plant. 

Provision by biomass plants requires the option to store the used 

primary energy source as well as the possibility to upgrade plant 

capacity. However, generally applicable provision costs are not yet 

known. It should be noted that the total installed capacity of 9 GW 
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is low relative to the SBP demand of approximately 2 GW. Either a 

broad operating range is required or other providers must be in-

cluded. 

Another way to provide a positive SBP is offered by storage sys-

tems, of which the battery type is considered here. A capacity of 

4 MWh/MWSBP is necessary for the provision of SBP [7]. To cover 

the residual demand, a storage system with 2,024 MW and 

8.1 GWh is required. The annualised investment costs (see Chap-

ter 2.4) amount to € 104 - 364 million per year. However, the bat-

tery storage system is available for other application purposes in 

98.9% of the annual hours. If the storage system can achieve a 

constant contribution to coverage throughout the year, the hours 

required incur proportional investment costs of € 1.1 - 4 million. 

For negative SBP, the model yields a remaining demand in 60 h 

(five 12-hour time slices) of the year 2033. The missing capacity is 

229 MW at most. In total, the residual demand throughout the year 

amounts to about 7 GW*h. To cover the demand with thermal 

power plants, a high generation capacity is required that can be 

reduced if necessary, in contrast to a positive balancing direction. 

The resulting overproduction of a flexible gas-fired power plant is 

approx. 1.3 MWel/MWSBP, analogous to Chapter 2.4. This value is 

derived from a gas-fired power plant that can reduce its capacity to 

20% PN at a generating capacity of 80% PN. Throughout the year, 

this results in an overproduction of 9.7 GWh and an additional 

generation cost of € 0.9 - 1.2 million per year. 

Provision by PSPs requires forgoing pump operation of some PSP 

in the corresponding hours. This reduced load can necessitate the 

throttling of renewable energy systems in hours with a low residual 

load. The avoided storage system loading also leads to an over-

production of 0.6 GWh from other generators. The additional costs 

of electricity generation are low compared to the use of must-run 

power plants.  

Wind turbines can also be considered for the provision of negative 

SBP. However, today's time slices, lead times and the process for 

determining the actually provided SBP represent a major obstacle. 

The requirements to ICT connectivity are high for SBP, and can 

constitute a significant cost item (cf. Chapter 2.2.2). Under favour-

able conditions, however, the variable costs are low. 
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In principle, the same conditions apply to the provision of negative 

SBP by biomass plants as to the provision of positive SBP. Differ-

ences are possible with the required plant and storage system 

dimensions. Due to the lower residual demand of negative SBP, 

full demand coverage by biomass plants is possible with a com-

paratively narrow operating range. 

Battery storage systems can provide positive and negative SBP at 

the same time. A storage system installed to meet the residual 

demand of positive SBP can thus simultaneously provide the re-

quired residual negative SBP. A storage system installed solely to 

cover residual demand for negative SBP would have annualised 

investment costs of € 12 - 41 million per year, of which € 0.1 - 0.3 

million per year would be for the hours with a residual demand. 
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Table 2.7 Provision of the uncovered demand for SBP in 2033 by current 
and future suppliers.  

CR type Provider Effects and costs 

SBP+ 

 

 Max. residual 
demand: 

     2024 MW 

 Duration of de-
mand: 

          96 h 

 Annual volume: 

        132 GW*h 

Th. power plants 
 Flexible power plants as a must-run unit 
 For gas-fired power plants: 0.3 MWel/MW SBP+ 
 Overproduction 39.6 GWh 
 Additional production costs: € 3.8 – 5.0 mil-

lion/year 

PSP 
 Abandonment of energy market-oriented genera-

tor operation in the demand hours  
 Substitution of generator operation with other 

(thermal) generators at relatively low costs  

Biomass 

 Costs for storage system and plant expansion, 
and ICT connectivity 

 Installed capacity (9 GW) is low compared with 
demand  

Battery storage 
systems 

 Required capacity approx. 5 MWh with an offer of 
a symmetric SBP product of ±1 MW 

 Annualised investment costs: € 104 - 364 million 
per year,  
relative to demand hours: € 1.4 -  4.9 million per 
year 

SBP- 

 

 Max. residual 
demand: 

     229 MW 

 Duration of de-
mand: 
       60 h 
 Annual volume: 
      7.3 GW*h 

Th. power plants 
 Flexible power plants as a must-run unit 
 For gas-fired power plants: 1.3 MWel/MWSBP- 

o Overproduction 9.5 GWh  
o Additional production costs: € 0.9 – 1.2 mil-

lion/year  

PSP 
 Forgoing energy market-oriented pump operation 

in the demand hours 
 Throttling of RES plants possibly required due to 

missing pump operation 
o Low additional generation costs due to RES 

throttling 

Wind turbines 

 Obstacles caused by prequalification conditions 
and lead times 

 Installation costs due to ICT connection up to 
approx. € 40,000 per wind farm 

 Max. 0.6% of the wind power feed-in capacity 
must be throttled to fully cover the residual de-
mand 

Biomass  See SBP+ 

Battery storage 
system 

 For symmetric design, see SBP+ 
 For dimensioning as per SBP-: 

o Annualised investment costs:  
€ 12 -  41 million per year 
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With a maximum of 3,590 MW, the residual demand model for 

positive MR significantly exceeds the deficit for SBP. The demand 

duration (204 h) and annual quantity (GW*h) to be covered have a 

more pronounced deficit of positive flexibility. In contrast to the 

provision of SBP, this deficit can be covered by thermal power 

plants from a standstill, for example by using gas turbines, at low 

standby costs. 

Alternatively, this residual demand can be provided by forgoing 

energy market-oriented generator operation in PSPs. This means 

that other producers are activated for load coverage during these 

demand hours, and possibly do so at higher electricity generation 

costs. Overproduction in this case is about 29 GWh. 

The provision of MR by emergency power systems (EPS) is tried 

and technically tested, and is possible with their inclusion in MR 

pools. Although the installed capacity of EPS is far higher in Ger-

many, the usable potential of these units is 5 - 8 GW. EPS are 

available at their nominal capacity within a few minutes, but have 

high variable costs due to their relatively low degree of efficiency. 

Investment costs for the control system are considered low since 

the required system technology is readily available (cf. [120]).  

As flexible distributed generation units, biomass plants are able to 

provide SBP and MR. Prerequisites for this flexibility are sufficient 

available storage system and plant capacities, which incur costs 

when retrofitted. The installed capacity of 9 GW expected for 2033 

is low compared with the MR demand, because the entire operat-

ing range is not available. 

Some interruptible industrial loads are already used for MR. The 

costs of developing this flexibility heavily depend on a possibly 

already existing energy management system and the respective 

production process.  

For negative MR, the model yields a residual demand for a dura-

tion of 648 h with a maximum volume of 3,740 MW. Throughout 

the entire year, the residual demand for capacity amounts to ap-

proximately 977 GW*h.  

To cover the negative demand with thermal power plants, a high 

generation capacity is required that can be reduced if necessary, 

in contrast to the positive balancing direction. When using a gas-

fired power plant with a generation capacity of 100% PN, which can 
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be lowered to 20% PN if necessary, the resulting overproduction is 

approximately 1.25 MWel/MWMRP-. Throughout the year, this results 

in an overproduction of 1.22 TWh and additional production costs 

of € 116 - 152 million per year. 

Provision by PSPs requires to temporarily forgo pump operation. 

This reduced load can necessitate the throttling of renewable en-

ergy systems in hours with a low residual load. The prevented 

storage loading leads to an overproduction of 194 GWh by other 

producers. However, the resulting additional costs of electricity 

generation are low compared to the use of must-run power plants.  

In principle, the same conditions for negative MR provision by bi-

omass plants apply as for the positive balancing direction.  

If wind turbines are able to keep up with the scheduled power out-

put, they will have a high potential for providing negative MR. 

However, economic feasibility heavily depends on the qualification 

conditions and the existing ICT infrastructure. A maximum of 11% 

wind turbine feed-in capacity needs to be throttled throughout the 

entire year for a full coverage of the residual demand.  

The potential of switchable loads in the industrial sector is estimat-

ed to be low and is currently inadequately evaluated due to the 

dependence on the production process (cf. Bibliography in 2.2.2). 

The flexibility of thermal applications has a seasonal potential in 

the industrial, commercial and household sector. The ratio of ad-

justable output and the costs of developing the individual plant is 

determined by economic efficiency. An estimate of the potential 

revenue for the private sector is given in Chapter 2.5.6.  

In Table 2.8, the parameters of the missing MR and the effects of 

various alternatives to cover the residual demand for the year 2033 

are summarised.  
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Table 2.8 Provision of uncovered MR in 2033 by current and future suppliers. 

CR type Provider Effects and costs 

MR+ 

 

 Max. residual 
demand: 

     3,590 MW 

 Duration of de-
mand: 

       204 h 

 Annual volume: 

      386 GW*h 

Th. power plants 
 Use of gas turbines from a standstill 
 Low reservation costs 

PSP 
 Abandonment of energy market-oriented genera-

tor operating in the demand hours 
 Replacement of generator operation by other 

(thermal) producers at comparatively low costs 

Emergency 
power systems 

 Partially in use today 
 Installed capacity (5 - 8 GW) low in comparison 

with demand 

Biomass 

 Costs for storage system and plant expansion 
and ICT connectivity 

 Installed capacity (9 GW) is low compared with 
demand 

Interruptible 
loads 

 Partially in use today 
 Costs heavily depend on production process 

MR- 
 

 Max. residual 
demand: 

     3,740 MW 
 Duration of de-
mand: 
       648 h 
 Annual volume: 
       977 GW*h 
 

Th. power plants 

 Flexible power plants as a must-run unit 
 For gas-fired power plants: 1.25 MWel/MWMRP- 

o Overproduction: 1.22 TWh  
 Additional production costs: € 116 – 152 mil-

lion/year 

PSP  

 Forgoing energy market-oriented pump operation 
in the demand hours 

 Throttling of RES plants possibly required due to 
missing pump operation  

o Additional generation costs due to RES 
throttling 

Biomass  See MR+ 

Wind turbines 

 Potential and cost-effectiveness depend on quali-
fication conditions  

 For full coverage of the residual demand, a max. 
of 11% of the wind turbine feed-in capacity must 
be throttled 

Connectible 
loads 

 Low potential in the industrial sector 
 Season-dependent potential of thermal applica-

tions in the residential sector 
 

The need for SBP and MR in 2033 as determined in Chapter 2.5.1 

cannot be met by the available hydraulic and thermal suppliers in 

some few hours. It is shown, however, that currently existing and 

new suppliers offer enough alternatives on the CR markets to cov-

er demand. They also have the potential to meet the CR demand 

of cost-effective thermal must-run power plants. 

With the currently used time slices, the positive and negative re-

sidual SBP demand can provided by PSPs in a CR-oriented opera-
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tion mode and by innovative CR suppliers (e.g. battery storage 

systems, biomass plants, wind turbines). For wind turbines in par-

ticular, an adaptation of the SBP time slices eliminates market en-

try barriers and allows the increased use of innovative suppliers. 

Shorter time slices reduce the residual demand for SBP and thus 

lead to lower reservation costs. Large-scale batteries are another 

competitive alternative for the provision of SBP, because they can 

offer symmetric operating ranges at any time and prequalification 

is not a technical hurdle. Switchable loads can supplement innova-

tive CR pools; the overall potential for exclusive provision, howev-

er, is considered to be low.  

In addition to the duration of the SBP time slices, the duration of 

the lead times for supply-dependent suppliers is crucial. For these 

RES systems, the shortest possible lead time between award and 

delivery obligation is recommended due to the improved capacity 

forecast. TSOs, however, need room for manoeuvre, for example 

for the option of a second SBP tender after an unsuccessful initial 

attempt. The tendering process has to ensure that CR is sufficient-

ly available to TSOs at any time. This includes the procurement 

process and a sufficiently long lead time between the award notifi-

cation and delivery date, in order to give the TSO room for ma-

noeuvre. The deadline for offers for the current weekly tender of 

SBP is usually on Wednesday of the week before, so up to eleven 

days lie between submission of the offer and the obligation to de-

liver. For CR suppliers with supply-dependent renewable energy 

systems, the available capacity during this period is difficult to pre-

dict accurately. Battery storage systems, however, do not directly 

depend on forecasts and do not require shortened lead times. 

A number of alternative suppliers are already qualified for the MR 

market. In the positive balancing direction, this includes emergen-

cy power systems and biomass plants, as well as flexible loads. 

Flexible fossil fuel power plants can also be used from a standstill 

for the positive balancing direction, avoiding overproduction as 

must-run units. The identified residual demand for positive MR can 

therefore be provided without the reservation of must-run units in 

the future.  

Innovative suppliers such as biomass and wind power plants as 

well as switchable loads with an energy market-oriented operation 

come into consideration to cover the negative MR demand, in ad-
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dition to PSPs and thermal power plants. To cover the residual 

demand of negative MR, thermal must-run power plants lead to 

high system costs. PSPs and alternative suppliers are, however, 

sufficiently available and are so at lower costs. For some, especial-

ly fluctuating, suppliers, the adjustments of the qualification condi-

tions lead to further potential gains and possibly to lowered costs. 

2.5.6 Potential revenues on the balancing power 

market 

TSOs procure the required CR quantities by auction on the CR 

market. The reservation costs correspond to the service price paid 

to the suppliers and are published in an annual monitoring report 

by the Federal Network Agency [141], [142]. In Figure 2.20, the 

balanced costs of CR provision for a symmetric operating range 

are shown relative to average tender volumes. There is a trend 

towards cost savings in all CR types. The reservation costs of MR 

are significantly lower than for PBP and SBP. 

 

Figure 2.20 Annual balanced costs of CR provision 

In the analysis of the annual costs, however, it was not considered 

that the prices on the CR market are also subject to seasonal fluc-

tuations. Both the energy prices and the service prices of the dif-

ferent CR products vary throughout the year, and in the case of 

MR even throughout one day. Figure 2.21 shows the energy price 

development for negative Figure 2.22 and positive MR as mean 

values per month. For both balancing directions, a fluctuation of 

the maximum energy price (marginal energy price) over several 
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years can be seen. Negative MR also shows a significant increase 

of the average marginal energy price. Positive MR does not share 

this energy price trend. The difference between the average ener-

gy price of all awarded offers and that of the activated offers is 

rarely due to the activation of high volumes of MR. The even more 

significant difference between the maximum and the average en-

ergy price shows that only small volumes of MR are offered at a 

relatively high price. A presentation of the historical development 

of the volume-weighted energy and service prices of MR from 

2009 to 2013 per time slice is given in [123]. It clearly demon-

strates the highly volatile development of the both prices over the 

years. 

  

Figure 2.21 Development of the energy prices for negative MR 
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Figure 2.22 Development of the energy prices for positive MR 

The price fluctuations are due to the opportunity prices of the pro-

viders, such as power suppliers on the spot market, increasing 

competition in the market and changing tender conditions (e.g. 

daily auction). In addition, the current auction as a pay-as-bid auc-

tion leads to strategically motivated bidding behaviour [132]. This 

applies equally to SBP, as an analysis in [133] shows. A statement 

about the future development of prices for CR cannot be made 

against this background. Based on the price history, however, the 

annual revenue potential for alternative suppliers can be deter-

mined.  

Figure 2.23 shows the revenue for the provision of MR by heat 

pumps, micro-CHPs and electric heating systems in single and 

multi-family homes. The revenue for each of the three heating 

technologies is determined for 7 different types of buildings (year 

of construction, living space, spec. heating requirements, number 

of residents and housing units) in 15 climate zones for the years of 

2009 to 2012. Annual revenues are distinguished according to 

revenues on the basis of the mean (Eaverage) and the maximum 

(Emax) energy and service prices. A detailed explanation of the 

method and the assumptions made is offered in [123]. 
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Figure 2.23 Annual revenue potential for marketing different heating 
technologies in single and multi-family homes on the MR market 
from 2009 to 2012. 

The results show that revenues vary greatly even within the indi-

vidual technology and type of building. This illustrates the depend-

ence of revenue on meteorological conditions and CR prices dur-
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average energy and service prices may serve as an orientation for 

potential revenues. 

2.6 Conclusion for frequency stability 

Instantaneous reserve 

The results show that in the period under review in 2033, there is 

enough available instantaneous reserve to support the system 

after a generation outage of 3,000 MW. Regarding instantaneous 

reserve, no additional action is required. In the scenarios consid-

ered, the magnitude of the maximum frequency deviation is 200 to 

600 mHz. Even assuming that the energy supply system in Ger-

many will no longer have any rotating masses and that they have 

been replaced by renewable energy systems, there will still be no 

limit violations. In this particular case, the instantaneous reserve 

would have to be provided exclusively from abroad. The provision 

of instantaneous reserve from abroad, however, is only possible if 

their local systems evolve according to the assumptions. Currently, 

instantaneous reserve from abroad can be considered as secured. 

The question, however, is whether there might be a need for action 

arising from future political decisions.  

In addition to conventional power plants, alternative providers such 

as wind turbines can make a contribution to the provision of instan-

taneous reserve in the future. There are different measures to 

support and additionally stabilise the system. Throttling DECUs, 

the use of the rotational energy of wind turbines, increasing the 

frequency dependence of loads, increasing power plant dynamics, 

the use of storage systems, the use of rotating phase shifters and 

possibly the use of must-run power plants can all make a contribu-

tion. To ensure that the German energy supply system does not 

have to rely on the provision of instantaneous reserve from abroad 

in the future, the mentioned alternative providers are required in 

Germany to operate the German energy supply system in 2033 

with the same stability as in 2011. 

The investigation shows that the capacity difference can be 

covered by wind inertia in 93% of the hours of the year 2033. In 

the remaining hours of the year, conventional power plants and a 

certain remaining level of wind inertia help cover the instantaneous 

reserve and maintain system stability. The actual provision of the 

capacity difference by wind inertia with correspondingly 
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implemented controls must yet be verified using a dynamic model. 

If future alternative suppliers are to be involved in the provision of 

instantaneous reserve, then the technical requirements must be 

met.  

Finally, Table 2.9 summarises the recommendations for action in 

the area of instantaneous reserve. The short-term recommenda-

tions for action are considered as necessary within the next ten 

years, and the long-term recommendations as necessary until the 

end of the review period 2033.  

 

Table 2.9 Recommendations for action for the future provision of 
instantaneous reserve 

 
Recommen-

dation for 
action 

Motivation 
Legal / technical / 

regulatory as-
pects 

Economic aspects 

S
ho

rt
-t

er
m

 

Inclusion of 
wind turbines 
for wind iner-
tia  

 

Creating the 
necessary 
framework condi-
tions 

Wind inertia cost-
effective alternative 

Lo
ng

-t
er

m
 

Inclusion of 
wind turbines 
for wind iner-
tia 

Maintaining the 
status quo of 
Germany's share 

Use of wind iner-
tia to provide in-
stantaneous re-
serve 

Wind inertia cost-
effective alternative 

 

Primary balancing power 

The results of the power plant utilisation model show that in 2033, 

the exclusive generation with wind turbines will exceed the load in 

Germany in over 70 hours. CR provision by thermal power plants 

is accordingly low during these hours and can not be provided by 

today's typical CR suppliers without a reservation of must-run 

power plants. Accordingly, the provision of the required CR is not 

possible with the current setup. Without the designation of manda-

tory conventional power plants in these times, the CR demand 

must be covered by renewable energy systems and alternative 

providers. In these hours, therefore, is must be economically and 

ecologically considered whether the additional operation of con-

ventional power plants is preferable to the use of innovative CR 
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providers. This is especially true for PBP and the positive balanc-

ing direction of SBP. 

The analysis of the dimensioning procedure for PBP indicates that 

there will be no significant change in demand in the future. Due to 

changes in the generation situation of thermal and hydraulic power 

plants, the provision of PBP while maintaining today's weekly time 

slots is not secured at any time of the year under review. Even if 

one assumes hourly PBP products, sufficient PBP can be provided 

by thermal and hydraulic power plants in only about 70% of the 

annual hours.  

Innovative providers of PBP are required in particular during hours 

with a low residual load. Otherwise, thermal must-run units will 

incur high generation costs. Wind turbines, BMP, loads, run-of-the-

river power plants, battery storage systems and PV systems are 

being investigated as alternative providers. Due to their high tem-

poral availability, wind turbines, run-of-the-river and biomass plants 

are viable future providers of PBP. Battery storage systems com-

bined with renewable energy systems benefit from synergistic ef-

fects. On the other hand, an exclusive PBP provision by battery 

storage systems may be a viable alternative in the future due to 

declining battery costs. Today, a number of large-scale battery 

storage systems have already demonstrated that it can be eco-

nomically feasible to provide PBP. 

Secondary balancing power and minute reserve 

With respect to SBP, the model does not indicate any significant 

change of the required balancing power reserve. However, in-

creasingly frequent and rapid wind speed changes and residual 

load changes may lead to an increased demand for SBP. Current 

model approaches, however, do not reflect this possibility. The 

analysis of the future demand for MR shows that a significant in-

crease in fluctuating feed-in and the maintenance of today's billing 

practice will demand a significant increase of the reserve volumes. 

However, since balancing uncertainties largely depend on the re-

spective feed-in situation of fluctuating RES, a day-before adjust-

ment of tender volumes is recommended. As a result, the average 

increase in demand for MR can be greatly reduced by 2033 in 

comparison with the current billing practice.  

A market-oriented power plant utilisation approach is used to de-

termine to what extent the calculated demand for SBP and MR is 
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covered. Taking into account the present time slices, this approach 

shows that there is a need for CR that cannot be covered by ther-

mal and hydraulic power plants in up to 7% of the annual hours. 

Assuming hourly time slices, the deficit is reduced to about 1.5% of 

the annual hours. Negative MR is affected in particular. The oper-

ating mode of PSPs has a strong influence on the model results. It 

becomes clear that sufficient alternatives for the provision of the 

CR demand are indeed available. These alternatives turn out to be 

potentially more cost-effective than thermal must-run power plants, 

so their use for frequency control is not required. The cost struc-

ture of future CR providers, particularly of wind turbines, however, 

depends greatly on the prequalification conditions, the duration of 

the time slices and the frequency of tenders. Shorter time slices 

and more frequent tenders have the potential both to reduce the 

CR demand and to encourage the market entry of new suppliers. 

An analysis of the theoretical potential of alternative flexibility op-

tions has been carried out in numerous studies. The technical po-

tential of the flexibility options and the cost-effectiveness of their 

utilisation has been identified for some sub-areas. The prices on 

the balancing power market vary greatly, and in the area of MR 

they lead to a potential revenue that can only insufficiently cover 

the costs for improved flexibility in private households. The poten-

tially higher revenue from the provision of SBP is blocked by mar-

ket entry barriers, such as longer time slices and high technical 

requirements, for example to ICT.  

Alternative providers of CR with technical units, such as emergen-

cy power systems or larger industrial loads, have a higher installed 

capacity and are already active on the market as part of CR pools. 

The installation of locally distributed batteries as intermediate stor-

ages for wind and solar power prevent the throttling of these 

DECUs, which includes the provision of CR. Without storage sys-

tems, the availability of these flexibility options fluctuates through-

out the year, including the load shift potential in the industrial sec-

tor, so further research is needed for a detailed consideration of 

these potentials.  

The provision of MR from the distribution grid is already possible 

through local decentralised technical units such as storage sys-

tems, industrial loads, biomass and emergency power systems. To 

this end, they are fitted with a smart control and are connected to a 
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pool control centre via communication technology. Research is 

needed to clarify how the DSO should accompany the prequalifica-

tion of technical units in the distribution grid in order for an aggre-

gator to offer this capacity as CR without overloading the grid 

when it is activated. 

Recommendations 

For all CR types, the adaptation of the CR tendering time slices, 

the tender frequency and prequalification conditions supports the 

market entry of new suppliers and can thus contribute significantly 

to demand coverage in the future. A revision of the prequalification 

conditions regarding proof of the CR provided and the required 

temporal availability of 100% for PBP and MR is recommended to 

facilitate the leverage of the potential of renewable energy systems 

or loads.  

 At the same time, a shorter lead time facilitates CR provision in 

RES-dominated feed-in situations. The introduction of daily auc-

tions for PBP and SBP would also aid the market entry of new 

suppliers. It can also be shown that the demand for MR will fluctu-

ate heavily in the future. A day-before adaptation of the MR vol-

ume to RES feed-in can greatly reduce any additional CR demand 

caused by RES forecast errors. To tap the potential of flexible 

household loads in the future in addition to industrial loads, the 

introduction of alternative metering and balancing methods will be 

necessary. The cost-effectiveness of CR provision by household 

loads can so far not be verified. 

Finally, summarised in Table 2.10 are the recommendations for 

action in the area of CR. The short-term recommendations for ac-

tion are considered as necessary within the next ten years, and the 

long-term recommendations as necessary until the end of the ob-

servation horizon in 2033. Among the long-term recommendations 

for action, measures are listed that will make no substantial contri-

bution to the provision of CR in 2033 from today's perspective, and 

therefore entail no urgent need for action, and their technical de-

velopment should be waited for. 
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Table 2.10  Recommendations for the future CR  

 
Recommenda-
tion for action 

Motivation 
Legal / technical / 
regulatory aspects 

Economic aspects 

S
ho

rt
-t

er
m

 

Allow supply-
dependent 
renewable 
energy sys-
tems for CR 
provision 

Cost-effective 
provision of CR 
by renewable 
energy systems 

Allow limitation of 
RES and adjust 
prequalification 

CR by DECUs, 
loads or storage 
systems as cost-
effective alterna-
tives 

 

Shorten the 
tendering and 
lead times 

Units that are 
available during 
limited periods 
offer increased 
performance 
(DECUs, loads) 

Adjust tendering 
practice in terms of 
time slices and 
lead times 

More potential 
suppliers, in-
creased price 
pressure, but more 
effort involved in 
processing 

Adapt the di-
mensioning 
procedure for 
SBP and MR 

Adapt demand 
to the genera-
tion situation 

- Low reservation 
costs  

Lo
ng

-t
er

m
 

Introduce al-
ternative me-
tering and bal-
ancing meth-
ods (e.g. 
CRM) 

Allow utilisation 
of flexibility op-
tions in private 
households 

Amend the proce-
dure specifications 
(GPKE, MaBiS, 
etc.) 

Potential economic 
value added 
through more sup-
pliers on the bal-
ancing energy 
market minus 
higher costs for 
metering and bal-
ancing methods 
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3 Static voltage control 

For voltage control, a distinction is made between static and dy-

namic voltage stability. Static stability is given when the system 

returns to its steady-state default condition after a minor fault. Stat-

ic voltage stability primarily requires a locally balanced reactive 

power balance. Transient and dynamic balancing measures take 

place after larger disturbances. The return to a stable operating 

point largely depends on the behaviour of the suppliers during a 

disturbance, amongst others. In the following, the impacts of 

changes within the energy system are considered separately ac-

cording to the two aspects of static voltage control and behaviour 

in case of a fault. In general, the issue of voltage control is associ-

ated with the provision of locally adequate reactive power. In addi-

tion, however, all voltage controllers must be coordinated to en-

sure a stable system behaviour both in the static and in the dy-

namic range.  

Intermittent lack of conventional power plant capacity in the 

transmission grid 

Voltage control in the transmission grid is mainly realised by con-

trolling larger power plants by means of reactive power supply. In 

contrast to frequency control, in which all generators of balancing 

power plants participate in the balancing process, the reactive 

power demand of a grid section must be supplied by local points of 

feed-in. A lack of larger power plants leads to a local deficit of re-

active power sources on the transmission grid level. In addition, 

the reactive power demand of the transmission grid increases 

along with longer power transits, as it is the case with wind tur-

bines that feed into the grid over longer geographical distances [4], 

[10]. To find a balance between demand for reactive power and 

reactive power generation, TSOs dispose of the following 

measures on the transmission grid level in addition to the utilisa-

tion of active, conventional power plants [39]: 

 Installation of additional reactive power compensa-

tors (inductors, capacitor banks, static VAR com-

pensators, STATCOM) 
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 Upgrading disused power plants for phase shifter 

operation 

 Use of HVDC transmission converters 

 Voltage-related redispatch (use of power plants not 

used due to market-related circumstances with the 

technically lowest possible active power feed-in) 

 Transformer tapping 

 Changes to the grid topology (e.g., line shutdowns) 

 Load shedding as an emergency measure 

 

Reactive power feed-in of DECUs in the distribution grid 

With active power feed-in from DECUs on the distribution grid lev-

el, the voltage of the distribution grid is raised locally. A reactive 

power contribution by DECUs is currently being demanded to 

counteract this effect. Existing requirements to DECUs with re-

spect to the exact volume of their reactive power supply depend on 

plant size and the point of common coupling (PCC) in the respec-

tive voltage level. One way to provide capacitive and inductive 

reactive power, for example, is the use of a Q(U) characteristic. 

Operating behaviour is adjusted in response to the voltage at the 

grid node by using the droop characteristic of the DECUs. The 

option of providing capacitive and inductive reactive power to the 

transmission grid level is currently not taken advantage of.   

To increase the potential of reactive power supply by DECUs, 

there is also the possibility of adapting inverter designs to a higher 

maximum apparent output in order to feed in additional reactive 

power during maximum active power feed-in. It must be noted, 

however, that over-dimensioning the inverters affects the profitabil-

ity of the plant. This is especially true when reactive power supply 

is not remunerated at lower voltage levels of the distribution grid. 

Current grid connection codes require a provision of reactive pow-

er by DECUs only in the case of simultaneous active power feed-

in. A contribution to voltage control on the distribution grid level, 

e.g. at night by PV systems, is currently not intended. However, 

there may be demand for reactive power even in times of low sup-

ply from RES.  

Concepts for voltage control on the distribution grid level 

In addition to the previously described requirements for reactive 

power provision by DECUs, DSOs dispose of other concepts to 
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maintain voltage control. Measures such as wide-area voltage con-

trol or the use of variable local grid transformers mostly serve an 

improved exploitation of the available voltage range [21]. Currently, 

all measures are generally only used for voltage control on the 

distribution grid level [2]. A coordination of reactive power provision 

from the distribution grid for the transmission grid has not yet been 

considered in detail. In this context, it is to be examined whether a 

control scheme for reactive power provision on the distribution grid 

level is stable. For this purpose, the entire reactive power chain 

has to be considered taking transformer tapping into account.  

Distribution grid design in planning and operation 

The high share of renewables already leads to high loads on the 

distribution grid level. The inhomogeneous line distribution of 

DECUs leads to voltage threshold violations mainly on the MV 

level.  

In addition to planning grid expansion measures, operational 

measures are available to increase the grid capacity for RES. Load 

and RES-dominated lines can be operated on separate busbars. 

This has the advantage that the tap selection can be controlled 

independently for each respective line. Prerequisite is the availabil-

ity of a transformer in parallel. This is problematic, however, when 

maintenance work, for example on a transformer, has to be carried 

out. In this case, the voltage range limits can be violated, especial-

ly in marginally configured distribution grids. 

Another aspect regarding the management of distribution grids is 

the blockage of tap selections to avoid a wide-area voltage col-

lapse. In case of imminent voltage collapses, a load reduction 

takes place by specific voltage drops in the distribution grid and 

hence the tap selections on the MV and HV level must be blocked, 

which is then exploited. However, the voltage-supporting effect of 

DECUs prevents the targeted voltage reduction on the distribution 

grid level. Consequently, blocking the tap selections is ineffective. 

This effect can be enhanced by the increased use of DECU Q(U) 

droops. 

Simultaneous contribution to voltage and frequency control 

If the provision of ancillary services for the transmission grid is 

mostly ensured from within the distribution grids in the future, it 

would be useful to consider frequency control and voltage control 

simultaneously. For example, an altered active power flow in the 
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transmission grid due to CR provision has a direct influence on the 

voltage level and thus on the reactive power demand of the trans-

mission grid node. 

If supply is to be realised via the distribution grid level in the future, 

it should be considered that this not only has an impact on the ac-

tive and reactive power flows for voltage and frequency control of 

the transmission grid, but that effects on the distribution grid level 

need to be considered as well.  

Voltage-related redispatch 

As part of system control, redispatch measures are carried out to 

relieve certain lines of the transmission grid and thus resolve bot-

tlenecks by means of shifting feed-in from power plants. Today, 

redispatch measures are no longer used solely for congestion res-

olution during certain hours of the year, but also to maintain volt-

age in the transmission grid. With a targeted intervention in power 

plant dispatch, conventional suppliers are used in locations with an 

increased reactive power demand in order to meet this demand 

locally. This aspect should be examined particularly against the 

background of an increasing replacement of conventional suppli-

ers, and is discussed in Appendix B System coordination.  

3.1 Research questions 

Due to the lack of large generation units in the transmission grid, 

there will be a future shortfall with respect to possible sources of 

reactive power for voltage control in the transmission grid. There-

fore, it must be examined how exactly the reactive power demand 

of the transmission grid in Germany is developing. Further alterna-

tives to meet demand must also be identified. One of these alter-

natives is the provision of reactive power from the distribution grid. 

Here, several aspects of voltage control are to be observed on the 

distribution grid level. This leads to the following research ques-

tions:  

 How is the reactive power demand of the transmission grid 

and the distribution grid developing? 

 How can the future demand of the transmission grid be 

covered? 

 Can distribution grids make a contribution to voltage control 

on the transmission grid level? 
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 To what extent can decentralised voltage control that simul-

taneously balances the local voltage level and that of the 

higher-level grid level be realised?  

 What impact does the provision of reactive power have on 

the operation of distribution grids? 

 To what extent it is sensible to demand a provision of reac-

tive power by DECUs without active power feed-in? 

 Is it economic to overdimension DECU inverters to in-

crease the provision of reactive power? 

 To what extent does a combination of various voltage con-

trol concepts make sense? 

 What would a complex Q(U) control look like versus Q(U) 

droop on the distribution grid level? 

3.2 Evaluation of current literature and studies 

Today, voltage control on the transmission grid level is realised 

through the provision of reactive power from conventional large-

scale power plants. An increasing shortage of generation units will 

thus result in a coverage gap in the provision of reactive power. 

This problem has already been discussed, for example in the NEP 

2012 [4] and in the second amendment of the NEP in 2013 [8]. As 

part of the NEP, the reactive power demand of the transmission 

grid is initially covered by conventional power plants as well as 

through the use of HVDC transmission converters. To cover the 

total reactive power demand in a selected grid use case of Scenar-

io B 2023, reactive power compensators at 75 locations are pro-

vided for with a reactive power generation capacity of about 

27,000 Mvar. However, provision of reactive power from the distri-

bution grid remains unaccounted for in the NEP and is only listed 

as an alternative [4], [8]. In [37], the use of a Q(U) characteristic for 

DECUs is mentioned, but not explicated, as an alternative to the 

use of phase shifters and reactive power compensators. Analyses 

in terms of efficient voltage support in LV grids are provided in [23]. 

The use of a Q(U) droop is recommended here. Any potential sta-

bility problems of such a control can only be expected in the case 

of an incorrect parametrisation of the controllers. 

If DECUs are considered in grid planning in the future to help con-

trol voltage, it would be sensible to demand reactive power supply 

without simultaneously demanding active power supply. This pos-

sibility is currently not considered by the applicable guidelines 
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[25], [35]. The ability of wind turbines connected to the grid via a 

converter to provide reactive power during downtimes is discussed 

in [1]. The same applies to the consideration of PV systems. 

3.3 Own calculations 

In addition to researching relevant literature, this chapter presents 

the results of own calculations for the analysis of voltage control in 

the transmission grid level, as well as the underlying research 

methods applied. 

The simulations are characterised in particular by a consideration 

of the mutual support of coupled voltage levels, i.e. the provision of 

reactive power as an ancillary service across grid levels. 

3.3.1 Method for determining the reactive power 

demand in the transmission grid and the 

most cost-effective way to cover demand 

A simulation model was developed as composite of several ele-

ments for the analysis of the demand for reactive power for voltage 

control in the transmission grid. Based on the node-accurate grid 

entries and exits as determined in the market simulation, and the 

grid data from the aggregate grid model, AC load flows were calcu-

lated in a first step. In addition to the line loads in the base case, 

the power transfer distribution factors (PTDF) are determined, 

which represent a linear transformation of the node capacity into 

active power flows. Since the market simulation takes into account 

the static, bilateral transfer capacities (net transfer capacity values) 

between Germany and its neighbouring countries, the determined 

power plant utilisation can cause bottlenecks within Germany that 

must be resolved by redispatch measures. In order to determine 

measures necessary during grid congestions, a so-called redis-

patch model was developed. In this optimisation problem, the 

physical power flows in the cross-border lines and domestic lines 

are taken into account as network constraints. This is done by us-

ing the PTDF matrices determined in the load flow calculations, 

and the grid load base case. Due to the underlying linearisation of 

the load flow equations, the overall optimisation problem is also 

linear. Only conventional power plants that are already in operation 

in the respective hour, as well as peak load power plants that can 
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be operated for short periods of time due to short startup times and 

low minimum times for standstill and operation, can take part in 

redispatch measures. As a result, the redispatch model provides 

for a congestion-free power plant utilisation and a utilisation of 

HVDC transmission lines that relieves the three-phase supply net-

work. In a third step and based on the results of the other model 

elements and including additional data such as reactive power 

limits of conventional power plants and voltage limits at the grid 

nodes, an optimal power flow (OPF) is carried out and the demand 

for reactive power in the transmission grid is determined, accurate 

to a resolution of individual nodes and for the entire year under 

review. Based on these results, relevant grid load scenarios, i.e. 

periods with an increased reactive power demand, are identified 

and the cost-optimal reactive power provision from various sources 

is determined taking into account various specific costs. 

Feasible reactive power sources include active conventional power 

plants, power plants that are idle due to market conditions, phase 

shifters, HVDC transmission converters, existing as well as yet to 

be built conventional reactive power compensators and in particu-

lar DECUs from lower-level distribution grids, and their potential for 

reactive power provision is determined as part of a distribution grid 

model. The interaction of the individual model elements is present-

ed in Figure 3.1 in the form of a flowchart. 

 

Figure 3.1 Flowchart of the analysis of the demand for reactive power for 
voltage control in the transmission grid 
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3.3.2 Description of the optimal power flow 

Based on the results of the market simulation and the redispatch 

model, and for the identified design-relevant grid load scenarios, 

an optimal power flow was carried out to calculate the reactive 

power demand and the cost-optimal provision of reactive power in 

the German transmission grid both for the grid's ground state (n-0) 

and for the steady-state (n-1) case.  

Possible reactive power sources are incorporated in the model 

with a node-accurate resolution, and with a ranking of their specific 

costs. Sources considered are active, idle and shut down power 

plants (phase shifters), existing and planned HVDC transmission 

converters, conventional reactive power compensators and lower-

level distribution grids whose potential for reactive power supply is 

calculated in the chapter "Method for determining the reactive 

power potential of the distribution grid".  

The developed OPF optimises the provision of reactive power in 

the sense of minimising overall generation costs sequentially for 

every time step. Active power provision, determined in a cost-

optimal way in the market simulation, is kept constant so that the 

time-coupling constraints of the market simulation, which result 

from the consideration of minimum up- and downtimes, ramping 

limits and PSP, are not subsequently violated by the OPF. Con-

straints of the OPF are the power balance between generation and 

consumption, the reactive power limits of conventional power 

plants and other sources of reactive power, the voltage band at the 

grid nodes and the maximum transmission capacity of the lines. 

Viable voltage support for adjacent regions is incorporated by con-

sidering a permissible voltage range. 

The method for determining the reactive power demand and the 

cost-optimal reactive power supply is shown in Figure 3.2. 
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Figure 3.2 Method for determining the reactive power demand and the cost-
optimal provision of reactive power 

3.3.3 Reactive power demand in the transmission 

grid 

The calculation of the reactive power demand, or the reactive 

power generation required at each grid node, is undertaken for all 

8,760 grid use cases of the year under review and makes use of 

the optimal power flow presented in the previous section. 

The calculation is based on the following assumptions: 

 The selected node-accurate reactive load results from the 

effective node load for a cosφ = 0.95ind 

 The maximum and minimum node voltages are 1.1 and 0.9 

p.u. 

The calculation is carried out initially without a consideration of 

reactive power sources and it therefore represents demand. In a 

second step, definitely available sources are considered in the 
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analysis, and the additional demand to be covered by alternative 

sources is identified. 

In Figure 3.3, the range of the node-accurate reactive power de-

mand, that is the required maximum and minimum capacitive or 

inductive reactive power generation at each grid node during the 

year 2033, is shown for the grid's ground state ((n-0) case). The 

maximum capacitive reactive power demand of 2,859 Mvar occurs 

at node 20 (Rhine-Ruhr region). The maximum inductive demand 

occurs at node 23 (border Thuringia and Saxony) and is 

1,467 Mvar. It should be noted that the determined maximum and 

minimum values generally occur at different times of the year. 

 
Figure 3.3 Range of the reactive power demand in the year under review 

2033 

The determination of the relevant grid load scenarios is not only 

based on the reactive power demand, but also on the additional 

demand for reactive power. OPF was used to calculate the share 

of demand that can be covered by available reactive power 

sources. 

The following sources were included in the calculation: 

 Existing reactive power compensators and those planned 

for the next few years 

 Active conventional power plants 
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As a result of the annual simulation, Figure 3.4 shows the node-

accurate range of the additional reactive power demand. 

While the highest additional capacitive demand of 2,753 Mvar oc-

curs at node 14 (Rhine-Ruhr region), the highest additional induc-

tive demand of 562 Mvar occurs at node 6 (Greater Bremen). 

 
Figure 3.4 Range of additional reactive power demand in the year under 

review 2033 

3.3.4 Identification of grid load scenarios relevant 

to assessment 

Two relevant grid load scenarios were identified with the help of 

the simulation results. The criterion for the selection of the first 

relevant scenario was the presence of a high capacitive demand 

with a simultaneous maximum additional capacitive demand for 

one grid node in the year under review (relevant hour capacitive). 

The selected hour is characterised by high wind power feed-in and 

high PV feed-in with a simultaneous high load volume (hour 5,964, 

see Appendix A.3). The total wind power feed-in on all grid levels 

is 44.5 GW (annual maximum 61.4 GW), feed-in from PV is 

27.4 GW (annual maximum 36.3 GW). With 76.1 GW, the load is 

only slightly lower than the annual peak load of 84 GW. Figure 3.5 

shows the relevant hour's demand for reactive power for steady-

state voltage control in the German transmission grid. 
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Figure 3.5 Reactive power demand for the design-relevant capacitive hour in 
the (n-0) case 

In the selected scenario, it is mainly required to provide capacitive 

reactive power to cover the inductive vertical reactive load and the 

predominantly inductive demand of the grid. In particular in the 

Rhine-Ruhr region, the Main-Neckar region and in the region of 

Rostock, there is an increased demand for reactive power. Only 

greater Berlin requires a provision of inductive reactive power. Due 

to the low load, the lines in the greater Berlin area are below nor-

mal operating conditions and therefore exhibit capacitive behav-

iour. 

The reactive power demand of the German transmission grid is 

approximately 5,800 Mvar for the load scenario in the (n-0) case. 
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The criterion for the selection of the second relevant grid load sce-

nario is analogous to the first selected scenario: the occurrence of 

a high inductive reactive power demand with a simultaneous max-

imum additional inductive demand occurring at one grid node (de-

sign-relevant inductive hour). The selected scenario is character-

ised by an average wind power feed-in at low loads (hour 8,263, 

see Appendix A.3). The total feed-in from wind power on all grid 

levels is 29.1 GW. Since the selected hour is before sunrise, there 

is no PV feed-in. The load volume of 42.4 GW is about half as high 

as the annual peak load. The reactive power demand in the se-

lected grid load scenario is shown in Figure 3.6. 

In this hour, an increased provision of inductive reactive power to 

cover the demand of the predominantly capacitive grid is required. 

The lines in eastern Germany and in the region south of Bremen 

are lightly loaded, so they are under subnormal operating condi-

tions and exhibit a capacitive behaviour. Only the region of Ros-

tock requires a high volume of capacitive reactive power. Due to 

increased wind power feed-in in combination with a low load situa-

tion in northeastern Germany, the transmission lines are heavily 

loaded there. 

The reactive power demand of the German transmission grid is 

approximately 5,500 Mvar in the load scenario case of (n-0). 
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Figure 3.6  Reactive power demand for the design-relevant capacitive hour in 
the (n-0) case 

 

3.3.5  (n-1) failure analyses for grid load scenarios 

relevant to assessment 

(n-1) failure situations were analysed to calculate the reactive 

power demand in the disturbed system states for the identified 

relevant grid load scenarios. As part of the (n-1) failure analysis, 

both the impact of the failure of 380 kV circuits as well as HVDC 

transmission connections are investigated. Analogous to the NEP 

in 2012, an (n-1) failure situation of HVDC transmission connec-

tions is defined as a failure of an entire channel (an entire connec-

tion) within a corridor. 
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Figure 3.7 shows the reactive power demand that occurs at every 

grid node (n-0), and the maximum and minimum capacitive and 

inductive demand of all (n-1) cases in the relevant capacitive hour. 

 
Figure 3.7 Range of the reactive power demand of the design-relevant 

capacitive hour in the (n-0) case, and in all (n-1) cases 

The (n-1) failure simulation of the relevant capacitive hour has 

shown that the impact of the failure of an HVDC transmission con-

nection on the reactive power demand is greater than the failure of 

any 380 kV circuit. Upon failure of the HVDC transmission connec-

tion between node 4 (Rostock/Guestrow) and node 31 (Munich) 

(corresponds to Güstrow-Meitingen, corridor D), the selected sce-

nario's highest additional demand for reactive power in all (n-1) 

cases occurs at a grid node (node 4). In this case, the reactive 

power demand of the grid rises from 5,800 Mvar (n-0) to 

6,900 Mvar. The reason for the increased reactive power demand 

is the additional long-distance transfer in the three-phase supply 

network that has to be ensured in case of a HVDC transmission 

connection failure. Figure 3.8 shows the reactive power demand 

for the relevant capacitive hour in the selected (n-1) case. 
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Figure 3.8  Reactive power demand for the relevant capacitive hour in the 
selected (n-1) case 

It is evident that the reactive power demand increases significantly 

in particular in the region around Rostock in comparison with the 

(n-0) case (see Figure 3.5).  

Analogous to the relevant capacitive hour, an (n-1) failure analysis 

was carried out for the relevant inductive hour. Figure 3.9 shows 

the reactive power demand for the (n-0) case and the range of the 

reactive power demand at each grid node for all (n-1) cases in the 

relevant hour. 
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Figure 3.9  Range of the reactive power demand for the inductive relevant 

hour across all (n-1) cases 

Upon failure of the HVDC transmission connection between node 

3 and node 25, the highest additional demand results at one grid 

node (node 3). Figure 3.10 shows this (n-1) case. 

Both in the Rhine-Ruhr region and in the region of Rostock, the 

demand for capacitive reactive power has increased significantly 

(see Figure 3.6). Due to the failure of the HVDC transmission line, 

the AC lines of the region are more heavily loaded, so the reactive 

power demand of the grid rises in these regions. In the region 

around Bremen and eastern Germany, however, an increased 

provision of inductive reactive power is required to meet the capac-

itive demand of the grid, because these lines are less heavily 

loaded. 

On the basis of the additional reactive power demand in the grid's 

ground state and in each respective critical (n-1) case, the provi-

sion of reactive power by various sources is determined taking into 

account their specific costs for the identified relevant grid load 

scenarios. The additional reactive power demand corresponds to 

the difference between demand and supply by active conventional 

power plants and existing compensation systems. 
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Figure 3.10  Reactive power demand of the relevant inductive hour of the 
selected (n-1) case 

As possible sources to cover the additional reactive power de-

mand, idle power plants, phase shifters, HVDC transmission con-

verters, yet to be constructed reactive power compensators (induc-

tors, capacitor banks, SVC, STATCOM) and especially DECUs 

from lower-level distribution grids are drawn upon, whose potential 

for reactive power supply is analysed in the following. 

3.3.6 Method for determining the reactive power 

potential of the distribution grid 

The calculations for determining the reactive power potential on 

the different voltage levels of the distribution grid are based on real 

network data. The reactive power potentials to be identified for the 

LV, MV and HV level are determined separately and then consid-
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ered in the assessment of the overlayed grid levels. In doing so, 

the entire reactive power chain from the LV level up to the EHV/HV 

transformer is assessed. 

In the following, the research method is described that is used to 

determine the reactive power potential in accordance with Fig-

ure 3.11 by means of the LV level, and the transfer of results to the 

MV level is described. An analogous procedure to determine the 

potential of the MV and HV levels is carried out. 

The forecasts are first assigned to the selected grid areas to de-

termine the reactive power potential from the distribution grid of the 

year 2033. As part of the research method, wind turbines and PV 

systems are considered as well. However, analogous to the exam-

ined supply-dependent renewable energy systems, all power 

plants connected by converters, such as CHP plants, can contrib-

ute to the provision of reactive power regardless of the energy 

source used. Therefore, the reactive power potential refers to all 

DECUs.  

 

  

Figure 3.11 Method for determining the reactive power potential on the 
distribution grid level 

Allocation of installed 
DECU capacity

real network
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Qmax capacitive
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For each energy source, the forecasts must be differentiated de-

pending on voltage levels in the distribution and transmission 

grids. In the regionalisation of wind turbine forecasts, a distribution 

grid share of 95.3% is assumed, and for PV forecasts of 100.0%, 

as based on [2]. The allocation of distribution grid forecasts on the 

HV, MV and LV levels is specific to the energy source as per ta-

ble 3.1. 

Table 3.1 Share of energy source forecasts sorted by voltage levels of the 
distribution grid 

Energy sources HV level MV level LV level 

Wind energy 80% 20% 0% 

PV 10% 30% 60% 

 

Within the examined grid regions, the allocated forecasts are 

transferred to discrete plant sizes as per [2], and are randomly 

distributed amongst the existing grid nodes. It is ensured that ex-

treme concentrations at individual nodes are avoided, and that 

distribution is largely even amongst the existing load nodes.  

Regarding installed DECUs, it is assumed as per Figure 3.12 that 

all plants can make a contribution to voltage stability by means of 

reactive power supply without active power feed-in. This kind of 

reactive power supply is not required by currently applicable guide-

lines and is an extension of the technical grid connection codes. 

Today's solar power plants, PV systems and most wind turbine 

types are technically capable of this, however. In addition, com-

munication between all DECUs and a higher-level voltage-reactive 

power controller and the grid control centre is required. In all oper-

ating conditions, the maximum contribution of an individual plant is 

specified by the dimensioning of the inverter. It is designed for 

maximum active power feed-in with a simultaneous provision of 

reactive power with cosφ=0.95ind. In the resulting operation dia-

gram, the impermissible operating areas are shaded green. 
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Figure 3.12  PQ operation diagram with a DECU connected via a converter.  

After the assignment of the installed DECU and load capacity, a 

grid expansion is carried out for both the peak load and a low load 

case with a high DECU feed-in capacity. The assumptions used 

regarding planning and operating principles are based on [2], and 

are detailed in Appendix B. Grid expansion takes the (n-1) plan-

ning criterion into account, with the exception of the LV level. 

After determining necessary grid reinforcements and network ex-

pensions, a variation of operating points takes place which in-

cludes the current load and the current active and reactive power 

feed-in from DECUs. Load, DECU feed-in and the provision of 

reactive power is increased from 0 p.u. to 1 p.u. in discrete steps. 

There is a separate load flow calculation (LFC) for each of these 

variations. This way, a pair of values for the inductive maximum 

and capacitive maximum possible reactive power contribution at a 

MV/LV-substation can be determined for each operating point. The 

determined limits consider possible violations of the voltage band 

and thermal capacity limits. The resulting reactive power contribu-

tions are determined for the examined grid area and apply only to 

the locally installed DECU capacity. In order to map a variety of LV 

grids with differing DECU penetration levels, there is a variation of 

the DECU/load ratio by varying the DECU capacity while keeping 
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the load constant. Thus, a maximum of inductive and capacitive 

reactive power volume is determined and passed on to the MV 

level for every DECU/load ratio and every operating point. 

Analogous to the LV level, DECU forecasts are allocated to the 

actual grid area as part of the MV analysis. The distribution of 

forecasts takes place as per table 3.1. The resulting distribution 

amongst the LV and MV level is shown schematically in Figure 

3.13. The allocation of DECU forecasts is green on the LV level, 

and the forecasts on the MV level are blue.  

  

Figure 3.13  Schematic diagram of the forecast distribution 

To consider the determined reactive power potential in the LV lev-

el, the resulting DECU/load ratio is first determined for each 

MV/LV-substation. Based on this, a maximum inductive and ca-

pacitive reactive power volume for every MV/LV-substation can be 

determined depending on the operating points. When transferring 

the results from the lower-level voltage levels, violations of the 

voltage band in every grid level are ruled out by subdividing the 

voltage band in accordance with Appendix B. The transfer of re-

sults from the MV analysis to the HV level is analogous.  
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In Figure 3.14, there is a schematically presentation of the results 

for the determination of the reactive power potential on the distri-

bution grid level. 

   
Figure 3.14 Schematically presentation of the reactive power potential on the 

distribution grid level. 

In this context, a positive reactive power supply is a capacitive 

behaviour of the examined distribution grid area. Consequently, a 

negative reactive power supply is an inductive behaviour of the 

distribution grid. For comparability purposes, the reactive power 

range shown is based on the installed capacity. Operating points 

that lead neither to thermal nor to voltage range violations are col-

oured grey. Violations of the upper voltage limit are coloured red, 

violations of the lower voltage limits blue. Operating points, in 

which violations of the thermal limits of a line occur are highlighted 

in orange. Green operating points indicate a violation of the ther-

mal limits of a transformer. Where DECUs provide no reactive 

power, the corresponding operating points are black.  

Since the variation of the three dimensions of load, DECU capacity 

and reactive power supply is pictured in a two-dimensional repre-

sentation, an overlap in the display of the operating points can be 

seen. 

Regarding the analysis in the LV level, a constant transformer tap-
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load and low load cases relevant to the grid's design, and it is used 

in the following for all variations of operating points. In contrast to 

the evaluation of the LV level, an adaptation of the tap selection is 

taken into account for the HV and MV analysis. This applies to the 

differing tap selections for the peak load and low load case, as well 

as for the investigated operating points. Since there can be no 

clear distinction between peak load and low load cases regarding 

the variation of load and feed-in from DECUs, a tap is selected that 

leads to a voltage magnitude of approximatly 1 p.u. on the low-

voltage side of the transformer station. A voltage dead band of 

± 1.5% is taken into account here. 

3.3.7 Results of the reactive power potential from 

the distribution grid 

The presented method is used to determine the reactive power 

potential in the LV, MV and HV levels for selected grid areas. 

Reactive power potential in the LV level 

To determine the reactive power potential in the LV level, two dif-

ferent grid areas are examined. One is a grid area in a PV-

dominated region in southern Germany. The other region is not 

characterised by PV systems and lies in northern Germany.  

In Figure 3.15, the reactive power potential of a MV/LV-substation 

is illustrated for a DECU/load ratio of one. The installed DECU 

capacity is 546.4 kW as per the municipality forecast for the year 

2033. The installed transformer capacity in the investigated area 

amounts to 3,780 kVA. 

Without a provision of reactive power from DECUs, the investigat-

ed grid exhibits an inductive behaviour due to the inductive loads. 

In addition, it can be seen that Umin voltage band violations are to 

be expected in cases of lower feed-in from DECUs. These are 

operating conditions with a low load, a low active power feed-in 

from DECUs, and an inductive operation of DECUs. In all other 

operating conditions, the reactive power potential is limited only by 

the nominal apparent power of the inverter. Since, according to the 

planning principles, the grid is designed for 85% of the PV feed-in 

volume in the case of a low load, reactive power supply must be 

guaranteed only for this range. The result is a secured range for 

reactive power provision of -0.7 p.u. to 0.7 p.u. In terms of the in-
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stalled capacity of 546.4 kW, this corresponds to a range of -

382 kvar to 382 kvar. 

 

   
Figure 3.15 Reactive power behaviour of an LV grid area with a DECU/load 

ratio of 1 (DECUinst. = 546.4 kW) 

If the installed DECU capacity is increased threefold, i.e. to 

1,639.2 kW, the maximum permissible voltage band Umax is violat-

ed in cases of low loads, high PV feed-in, and a capacitive behav-

iour of the DECUs (cf Figure 3.16). The secure range for the provi-

sion of reactive power is limited by the additionally installed DECU 

capacity. The result is a range of approximately -0.7 p.u. to 0.1 p.u. 

With an installed capacity of 1,639.2 kW, this is equivalent to a 

range of -1,147 kvar to 164 kvar. With a higher installed capacity, 

the inductive range for reactive power increases. In contrast, the 

capacitive range decreases. 
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Figure 3.16 Reactive power behaviour of an LV grid area with a DECU/load 

ratio of 3 (DECUinst. = 1,639.2 kW) 

The investigation of both LV grid areas is carried out up to a 

DECU/load ratio of ten and leads to a comparable range in terms 

of inductive and capacitive provision of reactive power. The secure 

range of reactive power provision does not change after an analy-

sis of the second grid area. 

In summary, it can be seen that a reactive power neutral range 

occurs in both considered LV grid areas. Local compensation of 

LV grid level is therefore possible. Furthermore, it is apparent that 

even in cases of a high DECU/load ratio, a large range for the pro-

vision of reactive power is possible from the LV level. This applies 

to both an inductive and a capacitive reactive power behaviour of 

the grid. The occurrence of limit violations mostly depends on the 

DECU/load ratio.  

Reactive power potential in the MV level 

The determination of the reactive power potential in the MV level 

takes place in two selected grid regions. The installed DECU ca-

pacity is 12.2 MW, and the installed transformer capacity is 

25 MVA. The reactive power potential of a transformer station for a 

DECU/load ratio of one is illustrated in Figure 3.17. 
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Figure 3.17 Reactive power behaviour of the MV grid area at a DECU/load 

ratio of 1 (DECUinst. = 12.2 MW) 

The examination of the MV grid area shows that the maximum 

permissible inductive operating point of the DECUs, especially in 

times of low DECU feed-in, is limited by thermal overloading of 

lines. Analogous to the LV level, a secured reactive power range of 

approximately -0.9 p.u. to 0.9 p.u. can be offered. This corre-

sponds to a range of -11 Mvar to 11 Mvar.  

However, if the DECU/load ratio is increased, then violations of the 

upper voltage limit occur especially in times of high DECU feed-in 

(cf. Figure 3.18).  

The range for provision of reactive power at a DECU feed-in ca-

pacity of 0.8 p.u. is limited by a few violations of Umax. This leads to 

a reduction of the secured capacitive range from 0.4 p.u. to 

0.1 p.u. The resulting secured range for reactive power provision is 

-0.4 p.u. to 0.1 p.u. This corresponds to a range of -16.6 Mvar to 

3.7 Mvar.  
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Figure 3.18 Reactive power behaviour of the MV grid area at a DECU/load 

ratio of 3 (DECUinst. = 36.6 MW) 

The reactive power range is analysed up to a DECU/load ratio of 

ten for both considered MV grid areas. The secure range of reac-

tive power provision does not change after an analysis of the sec-

ond MV grid area. 

In summary, it is evident that reactive power neutral operation is 

also possible in the MV level, which leads to local compensation. 

Furthermore, it is apparent that even in cases of a high DECU/load 

ratio, a large range for the provision of reactive power is possible 

from the MV level. This applies to both an inductive and a capaci-

tive reactive power behaviour of the grid. The occurrence of limit 

violations mainly depends on the DECU/load ratio. 
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Reactive power potential in the HV level 

As for the MV and LV levels, the determination of the reactive 

power potential in the HV level is carried out in two selected grid 

regions. The installed DECU capacity is 655 MW.  

Figure 3.19 shows the available reactive power potential for a 

110 kV grid group at a DECU/load ratio of one. The sum of the 

reactive power potential of all 380/110 kV transformers in the grid 

group is shown. The transformer capacity installed in the grid area 

is 2,100 MVA. 

   
Figure 3.19 Reactive power behaviour of a HV grid at a DECU/load ratio of 1 

(DECUinst. = 655 MW) 

The analysis of the reactive power potential in the considered grid 

area shows that from the transmission grid's point of view, the in-

vestigated HV grid generally works as a reactive power sink. This 

is illustrated by the black operating points that do not consider re-

active power feed-in from DECUs. An inductive operating mode of 

the 110 kV grid as well as a shift into the capacitive range is possi-

ble. Operating points not shown at a highly inductive operating 

mode of DECUs with a simultaneously low active power feed-in 

can be explained in the presentation by a non-converging load 

flow. 
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The result is a secured range for reactive power provision of -

0.5 p.u. to 0.4 p.u. In terms of the installed capacity of 655 MW, 

this corresponds to a range of -327.5 Mvar to 262 Mvar. 

In order to evaluate the effects of a high installed DECU capacity 

in a 110 kV grid area on the reactive power potential, this potential 

is illustrated in Figure 3.20 for a DECU/load ratio of three. The 

transformer capacity installed in the grid area is 4,500 MVA. 

   
Figure 3.20 Reactive power behaviour of a HV grid at a DECU/load ratio of 3 

(DECUinst. = 1,965 MW) 

The result is a secured range for reactive power provision of -

0.2 p.u. to 0.05 p.u. In terms of the installed capacity of 1,955 MW, 

this corresponds to a range of -391 Mvar to 98 Mvar. 

The investigation of a further HV grid area leads to a comparable 

range in terms of the inductive and capacitive provision of reactive 

power from a 110 kV grid area. A change to the secured range of 

provision of reactive power does not result. 

In summary, it is evident that a reactive power neutral operating 

mode is also possible in the HV level, which leads to local com-

pensation. Furthermore, it is apparent that even in cases of a high 

DECU/load ratio, a large range for the provision of reactive power 

is possible from the LV level. If the DECU/load ratio increases, 
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then so does the absolute inductive range for reactive power; the 

capacitive tap selection range decreases, however. 

The maximum inductive and capacitive reactive power potential for 

various DECU/load ratios of the distribution grid is summarised in 

Table 3.2.  

Table 3.2  Reactive power provision potential from the 110 kV distribution grid 

DECU/load ratio 
Qmax inductive 

[p.u.] 
Qmax capacitive 

[p.u.] 

1 -0.50 0.40 

2 -0.25 0.20 

3 -0.20 0.05 

4 -0.20 0.00 

5 -0.20 0.00 

 

This is a secured tap selection range that is applicable in the 

transmission grid as a reactive power source and sink. In this con-

text, it should be noted that for certain hours, a higher reactive 

power potential from the distribution grid would be available, but it 

cannot be regarded as secured. 

The following section will examine the contribution to reactive 

power provision that can be made by HV plants exclusively. It is 

assumed that all plants in the MV and LV levels do not make any 

reactive power contribution. Figure 3.21 shows the resulting reac-

tive power potential of a 110 kV grid at a DECU/load ratio of one. It 

should be noted that within the examined grid region, about 50% of 

the installed DECU capacity is connected within the HV level. 
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Figure 3.21 Reactive power behaviour of a HV grid without any contribution 

from the MV and LV levels at a DECU/load ratio of one 
(DECUinst. = 655 MW) 

If only HV plants are included in the provision of reactive power, a 

secured range of -0.4 p.u. to 0.2 p.u. is the result. In terms of the 

installed capacity of 655 MW, this corresponds to a range of -

262 Mvar to 131 Mvar. 

The available reactive power range is reduced with regard to Fig-

ure 3.19. However, the inclusion of HV plants is sufficient to allow 

for an inductive and capacitive distribution grid operation. This 

statement is not generally valid because it cannot be ensured for 

all grid regions in Germany that an appropriate number of HV 

plants is installed. 

Effect of reactive power provision from the distribution grid 

on grid losses 

In the analysis of the reactive power potential from the distribution 

grid, grid losses were not yet considered. However, they must be 

considered in terms of the cost-efficiency of reactive power provi-

sion from the distribution grid. 

Figure 3.22 shows the losses resulting from an analysis of the re-

active power potential of a LV grid as per Figure 3.16. 
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Figure 3.22 Grid losses of a LV grid area at a DECU/load ratio of 3  

It can be seen that with an increasing provision of reactive power, 

grid losses increase both in the inductive and capacitive directions. 

It should be noted that today's predominantly inductive operating 

mode of DECUs also results in increased losses. The operating 

points shown in black do not represent today's reference case, but 

cases in which DECUs do not provide reactive power. Thus, the 

operation of DECUs already leads to an increase in grid losses 

under the currently applicable grid connection codes. If there is a 

future regulation of the reactive power of DECUs for voltage sup-

port of the higher-level transmission grid, it must therefore not 

necessarily lead to an increase in grid losses. On the contrary, a 

compensation of reactive power within a grid level can even lead 

to a reduction of grid losses. 

The fundamental impact of reactive power provision on grid losses 

on the MV and HV levels are comparable to the results of the LV 

level, even if the absolute losses are greater. 

Influence of grid topology and the point of common coupling 

of DECU on the reactive power potential 

Both the grid topology, as well as the position of the PCC of 

DECUs have an impact on the possibility of providing reactive 

power to meet local reactive power demands in a given grid level, 

or to provide it for higher grid levels.  
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Methodologically, the effects of a changed grid topology are largely 

accounted for by the standard grid expansion measures. Grid ex-

pansion based only on the design-relevant peak load case and low 

load case with a high DECU feed-in does not lead to a significant 

increase or reduction of the reactive power potential from the dis-

tribution grid. Exceptions are an increase of the line capacities with 

existing undersized cross-sections, or the grid expansion of long 

feeders. In this case, only minor grid expansion measures can 

prevent limit violations within a grid area when determining the 

reactive power potential, and therefore the potential is increased. 

However, this does not lead to characteristic curves of limit viola-

tions different from those shown in the images, since more than 

just one line leads to limit violations in most operating conditions.  

Another important factor influencing the ability to provide reactive 

power from the distribution grid is the location of the PCC of 

DECU. If DECUs are connected close to the transformer, they can 

provide more reactive power without voltage range or thermal vio-

lations. In operating distribution grids, it is therefore preferable to 

use plants located near the transformer station for the higher-level 

grid level for reactive power provision. The use of plants in critical 

lines, however, should be avoided as they can cause limit viola-

tions in particular in times of high feed-in. 

Only HV overhead transmission grids were studied as part of the 

investigations. Generally, the operating range of HV grids shifts 

more heavily into the capacitive reactive power range with the use 

of cables, since cables are always operated in a subnatural man-

ner due to their high characteristic wave impedance. This must be 

considered when planning new cable routes. When operating pure 

cable grids, on the other hand, a purely inductive operating mode 

of the HV grid may no longer be possible.  

Increase of the reactive power potential from the distribution 

grid by a smart control of DECUs 

The method for determining the reactive power potential from the 

distribution grid assumes that all DECUs equally contribute to volt-

age control. As previously described, this leads to the fact that 

individual plants cause limit violations and therefore lower the po-

tential of the distribution grid. A smart DECU control, which utilises 

plants near a transformer, can raise the potential for reactive pow-

er provision of the distribution grid. This is especially true in grid 
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regions without a sufficient installed capacity in the 110 kV grid. In 

such cases, a large number of smaller generation units as reactive 

power sources are required. These are mainly installed in the MV 

and LV level. Particularly in rural regions, DECUs are located at 

the end of long feeders or lines, and especially in times of high 

active power feed-in, they limit the available potential for reactive 

power provision. The implementation of a smart control system, 

which initially utilises plants on higher voltage levels and then 

plants near transformers and on the lower voltage level, requires 

exact knowledge of the current grid situation. Only this way can 

DSOs specifically use plants as reactive power sources without 

violating grid limits. However, such a metrological measurement of 

the grid state is currently not given in the LV grid (see Chapter 6). 

3.3.8 Requirements for reactive power provision 

from the distribution grid 

To utilise the identified potential for reactive power provision from 

the distribution grid, essential implementation requirements must 

be met, which are discussed below: 

 Direct controllability of plants on the distribution grid level 

 Integration of DECUs in power system management 

 Reactive power provision without active power feed-in 

 Coordination of the provision of reactive power  

 

To use DECUs for reactive power provision, it must be ensured 

that the corresponding DSO can demand a reactive power contri-

bution at every operating point of the DECU. To this end, it is nec-

essary that DECUs have a corresponding communication link. 

With the currently applicable grid connection codes and legal 

framework, a corresponding direct control option by the grid opera-

tor is not yet given, at least for DECUs in the LV level [68]. Accord-

ing to the EEG1, plants with an installed capacity of 30 kW or less 

initially have the choice of installing a remote control system, or of 

                                                 

1§ 6 EEG; Renewable Energy Sources Act of 25 October, 2008 (German 

Civil Code 1. I p. 2074), last amended by Article 1 of the law dated 17 

August, 2012 (German Civil Code 1. I p. 1754). 
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generally throttling to 70% of the installed capacity. It is therefore 

not guaranteed that all smaller DECUs can be included in a target-

ed control of reactive power. Controllability as permitted by the 

EEG is limited only to remote-controlled feed-in reduction during 

grid congestions and the respective actual feed-in. If the currently 

possible controllability be expanded to include the provision of re-

active power, no further costs would arise for the integration of 

DECUs at this point. Otherwise, a corresponding expansion with 

€ 60 - 800 per MWinst has already been quantified in Chapter 2. For 

DECUs with a grid connection point in the HV and MV levels, how-

ever, a corresponding remote control system for the provision of 

reactive power may already be required in accordance with cur-

rently applicable grid connection codes [25], [39]. Additional costs 

would therefore not arise.  

To utilise the reactive power potential from the distribution grid, an 

inclusion of DECUs in the existing power system management of 

the relevant system operator must take place. In [154], the neces-

sary investments for the integration of smart measurement sys-

tems and smart meters is estimated to be € 100,000 - 1,000,000 

depending on the size of the system operator. If these necessary 

investments are also set for the integration of DECUs in the power 

system management of a system operator, significant investments 

can be expected in this context.  

With regard to the operation of distribution grids, the different con-

trol times for tap-changing transformers and the control of DECUs 

are to be observed. For this purpose, appropriate balancing strate-

gies are to be developed that take into account that changing the 

tap position of a EHV/HV transformer is slower than a possible 

regulation of DECUs. Concepts for higher-level voltage regulation 

and the corresponding control or coordination mechanisms are to 

be implemented in the power system control.   

It must also be ensured that the provision of reactive power from 

the distribution grid is available at any time. Therefore, it must be 

considered that converter-based suppliers are able to make a re-

active power contribution even without active power feed-in. The 

resulting converter losses, assumed to be about 1-2% of the ca-

pacity, are generally covered by the active power feed-in of the 

DECU. In the case of non-existent active power feed-in, losses are 
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inevitably covered by the grid. At this point, it must be ensured that 

billing is cause-fair.  

It should also be noted that system operators are responsible for 

their respective grid areas in terms of securing voltage control. 

Reactive power provision is only possible after ensuring reactive 

power neutrality of a distribution grid relative to the transmission 

grid. In this context, a coordination of all voltage levels for reactive 

power provision is required. Initially, it is the responsibility of the 

DSO to draw upon concepts for the integration of DECUs, electrici-

ty storage units, and voltage controllers. While guaranteeing com-

pliance with the distribution grid limits, ancillary services can also 

be provided to the TSO (cf. Chapter 6). This requires a communi-

cation interface between TSOs and DSOs, which for example al-

lows the specification of a fixed reactive power value between the 

two. 

3.3.9 Reactive power provision for design-relevant 

grid load scenarios in the transmission grid 

In the following, the provision of reactive power to cover the addi-

tional reactive power demand on the transmission grid level, i.e. 

the difference between demand and provision of reactive power 

from existing reactive power compensators and active convention-

al power plants, is determined for the design-relevant grid load 

scenarios. 

The following alternative sources are considered to cover the addi-

tional demand: 

 Use of HVDC transmission converters 

 Installation of additional reactive power compensators 

 Upgrading of disused power plants for phase shifter opera-

tion 

 Use of power plants not used due to market-related cir-

cumstances with the technically lowest possible active 

power feed-in (voltage-related redispatch) 

 Reactive power provision from the distribution grid 

The assumed specific costs of each alternative reactive power 

source are specified in Table 3.3. 



Static voltage control  

 

134 

Table 3.3  Model costs of the various reactive power sources 

Reactive power source Cost components Costs 

Inductor 
(100 Mvar incl. SY) 

Investment: € 4 million [1] 
Operating costs: 2% invest. p.a. 
Service life: 35 years 
Interest: 8% 

€ 420,000 per 
year 

Capacitor 
(100 Mvar incl. SY) 

Investment: € 3.3 million [1] 
Operating costs: 2% invest. p.a. 
Service life: 35 years 
Interest: 8% 

€ 350,000 per 
year 

HVDC transmission convert-
er 

- - 

SVC 
(100 Mvar incl. SY) 

Investment: € 5.2 million [1] 
Operating costs: 2% invest. p.a. 
Service life: 35 years 
Interest: 8% 

€ 550,000 per 
year 

STATCOM 
(100 Mvar incl. SY) 

Investment: € 6.8 million 
Operating costs: 2% invest. p.a. 
Service life: 35 years 
Interest: 8% 

€ 720,000 per 
year 

Phase shifters 

Investment: € 7 million 
Operating costs: 3.5% invest. p.a. 
Service life: 30 years 
Interest: 8% 

€ 870,000 per 
year 

Voltage-related  
redispatch 

Marginal costs: € 50…180 per 
MW 
Minimum active power genera-
tion: 0…20 MW 
Annual utilisation hours: n 

€ 0…3,600 · n 

Distribution grid - - 

 

The specified annuities per alternative were calculated taking into 

account the investments, operating costs, service lives and calcu-

lated interest rates listed. Costs for possibly necessary switchyards 

(SY) were included in the investment. 

For existing reactive power generators, such as conventional pow-

er plants and HVDC transmission converters, whose construction 

is required for other reasons or whose planning has already been 
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completed, no additional costs are added. The costs of a voltage-

induced redispatch are determined by the remuneration of the min-

imum active power that most conventional power plants in opera-

tion are required to provide. Under the assumption that the provi-

sion of reactive power will not be remunerated, the costs of volt-

age-induced redispatch are recognised similarly to the costs of a 

congestion-induced redispatch. However, the payments for sav-

ings in fuel costs that the TSO receives from the power plant oper-

ators in case of power plant throttling are neglected. The range of 

minimum active power feed-in listed in the table results from the 

assumption that only those power plants participate in voltage-

induced redispatch that have short startup times, and that can be 

started and shut down quickly due to short minimum up- and 

downtimes. These are primarily gas-fired power plants with a low 

minimum active power provision. 

To cover the additional reactive power demand in the design-

relevant hours, the freely available HVDC transmission converters 

are used first. For the HVDC transmission converters, it is as-

sumed that their apparent power is 105% of their nominal active 

power capacity. For a HVDC transmission line with a maximum 

active power transfer of 2 GW, this results in a reactive power pro-

vision potential of -640 to 640 Mvar. In Figure 3.23, the remaining 

maximum and minimum capacitive and inductive reactive power 

generation required after the use of HVDC transmission converters 

is shown in the design-relevant grid load scenarios. The grid's 

ground state and each critical (n-1) case is considered. It can be 

seen that the yet to be covered, additional reactive power demand 

is significantly reduced through the use of HVDC transmission 

converters during the design-relevant hours. 

To meet the remaining demand for both the (n-0) as well as for the 

critical (n-1) case in the design-relevant hours, reactive power is 

drawn from the distribution grid. Until now, the assumption was 

made that the reactive load at every node results from an active 

node load for cosφ of 0.95. In Table 3.2, the listed and secured tap 

selection range of reactive power provision from the distribution 

grid at nodes with a residual reactive power demand is now de-

fined as relative to the locally installed DECU/load ratio. 
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Figure 3.23 Range of the remaining reactive power demand for the design-

relevant hours after the use of HVDC transmission converters  

To cover the remaining demand for both the (n-0) as well as for the 

critical (n-1) case in the design-relevant hours, reactive power is 

drawn from the distribution grid. Until now, the assumption was 

made that the reactive load at every node results from an active 

node load for cosφ of 0.95. In Table 3.2, the listed and secured tap 

selection range ofreactive power provision from the distribution 

grid at nodes with a residual reactive power demand is now de-

fined as relative to the locally installed DECU/load ratio. 

A new application of the OPF taking into account that the reactive 

power provision potential from the distribution grid for the design-

relevant hours demonstrates that there is no further demand in the 

critical hour (capacitive) both in the grid's ground state, and in the 

(n-1) case. An additional provision of capacitive reactive power of 

300 Mvar is only required in the design-relevant hour (inductive) at 

node 4.  

In summary, it can be stated that the additional reactive power 

demand can, to a large extent, be met in the identified design-

relevant grid load scenarios through the use of HVDC transmission 

converters and the provision of reactive power from the distribution 

grid.  
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3.3.10 Monetary valuation of the provision of 

reactive power from the distribution grid 

Since the costs of reactive power provision from the distribution 

grid are difficult to quantify, the monetary valuation of reactive 

power provision from the distribution grid will be based on an esti-

mate. For this purpose, the costs of the cheapest alternative in the 

transmission grid are calculated that are needed to cover the re-

maining demand while neglecting the distribution grid potential at 

individual grid nodes. The costs of the cheapest alternative corre-

spond to the maximum costs that are acceptable to leverage the 

reactive power provision potential from the distribution grid, so that 

the distribution grid would become preferable to its alternatives 

and therefore used as a reactive power source for the transmission 

grid.  

Their utilisation hours, i.e. the number of hours in a year during 

which a remaining demand must be covered, are decisive for as-

sessing the economic efficiency of alternatives. To determine the 

utilisation hours, the OPF is performed for all 8,760 hours of the 

year taking into account the provision of reactive power by HVDC 

transmission converters. The annual assessment is carried out 

exclusively on the basis of the (n-0) case, owing to the complexity 

of the optimisation problem. The result of the simulation listed in 

Figure 3.24 shows the remaining demand in the year under review, 

as well as its minimum and maximum value for the grid's ground 

state. 

It can be seen that at most nodes in the (n-0) case, an additional 

provision of reactive power is needed only in few hours. For these 

hours and nodes, voltage-induced redispatch is the most cost-

effective alternative to meet the demand. Due to the low costs of 

voltage-induced redispatch, investments to bring about the tech-

nical conditions for the provision of reactive power from the distri-

bution grid are not justified at these nodes. 
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Figure 3.24 Frequency of the remaining reactive power demand in the entire 

year under review after the use of HVDC transmission converters 

In several hours of the year, there is a remaining demand for reac-

tive power only at nodes 5 and 7 in northeastern Germany. In view 

of the cost range specified in Table 3.3, voltage-induced redis-

patch measures are not necessarily the best alternative due to the 

frequency of occurrence of the remaining demand. According to 

the underlying Platts power plant database, there are only few 

power plants available at nodes 5 and 7, so that voltage-induced 

redispatch is not a sufficient alternative, for reasons of limited 

availability alone. The most cost-effective alternative to reactive 

power provision from the distribution grid as a controllable com-

pensation is at nodes 5 and 7 of the SVC on the transmission grid 

level. In sum, approximately 1,600 Mvar in compensation capacity 

are needed here, leading to annuity costs of approximately 

€ 8.8 million per year. This corresponds to the value of reactive 

power provision from the distribution grid, which is subordinate to 

nodes 5 and 7. When applied to the installed wind turbine and PV 

system capacity in the connected HV level, costs result of approx-

imately € 1,500 to 2,000 per year and MW of installed capacity that 

are acceptable to leverage the reactive power provision potential. 

It should be noted that the values above were determined for the 

grid's ground state. Since the remaining reactive power demand to 

be covered increases in the (n-k) case, therefore requiring the pro-
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vision of more compensation capacity, the annuity values to lever-

age the reactive power provision potential from the distribution grid 

until the technical upper limit of reactive power provision is 

reached also rise. In this study, it was shown that the distribution 

grid can supply a sufficient quantity of reactive power in the select-

ed design-relevant grid load scenarios at least in the (n-1) case. 

3.4 Conclusion for voltage control 

The analysis of the reactive power potential from the distribution 

grid shows that a reactive power neutral operation of the distribu-

tion grid is possible on all examined voltage levels. A secured re-

active power range is possible in the inductive and capacitive di-

rection in grid areas with low DECU/load ratios. With increased 

DECU/load ratios in a given distribution grid area, the capacitive 

range of reactive power provision becomes increasingly limited. 

The absolute, inductive reactive power potential, however, in-

creases along with the installed capacity. 

HV networks can provide a significant contribution to the provision 

of reactive power, even without consideration of plants on the MV 

and LV levels. However, the statement is not generally valid be-

cause it cannot be ensured for all grid regions in Germany that an 

appropriate number of HV plants is installed. Therefore, it is nec-

essary that plants on the MV and LV levels are able to contribute 

in the future. Plants with a lower installed capacity currently do not 

have an option for direct control by the relevant system operator, 

accordingly they cannot be used specifically for the provision of 

reactive power. An extension of the control options is estimated at 

€ 60 - 800 per MWinst. Electricity storage units coupled via an in-

verter can contribute to reactive power support, analogous to the 

considered DECUs. To utilise the identified potential for the provi-

sion of reactive power from the distribution grid, not only the possi-

bility of DECU controllability is to be ensured, but also the involve-

ment of DECUs in a regulation concept or power system control by 

the responsible DSO. In this context it should be noted that the 

necessary integration of DECUs in the power system control of the 

responsible grid operator is associated with significant costs in the 

range of € 100,000 - 1,000,000. If DECUs are to be used in the 

distribution grid for the provision of reactive power for the trans-

mission grid, this will require a defined interface between DSOs 
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and TSOs, which for example would allow for the specification of a 

fixed reactive power value between TSOs and DSOs. 

Due to the increasing, load-remote power generation and the as-

sociated higher utilisation of lines, reactive power demand in the 

transmission grid will increase in the future. As part of the analysis, 

the Rhine-Ruhr region, the Main-Neckar region and the region 

around Rostock have been identified as areas with an increased 

demand for the provision of capacitive reactive power. Since there 

is an increased demand for the provision of inductive reactive 

power in times of low demand in particular in eastern Germany, 

the reactive power range, or the range of reactive power demand 

at the grid nodes will be higher overall.  

The simulations have shown that the reactive power demand can 

be largely covered by the active conventional power plants, the 

existing reactive power compensators, HVDC transmission con-

verters and DECUs from lower-level distribution grids. The value of 

reactive power provision from the distribution grid is determined by 

the most cost-effective alternative in the transmission grid. Taking 

into account the results of the determination of the potential of the 

distribution grid, additional annuity costs of approximately € 1,500 

to 2,000 per year and MW of installed wind turbine and PV system 

capacity in the HV level are justifiable to leverage the potential of 

reactive power provision. On an individual basis and from an over-

all systemic perspective, every grid operator must determine 

whether the savings achieved by economically utilising the distri-

bution grid justify the above-mentioned necessary investments for 

the integration of DECUs in power system management. This 

largely depends on the voltage level and the size of the grid, the 

installed DECU capacity, available storage systems and the local 

demand for reactive power. In conclusion, Table 3.4 summarises 

the recommendations for action in the area of voltage control. The 

short-term recommendations for action are considered as neces-

sary within the next ten years, and the long-term recommendations 

as necessary until 2033.  
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Table 3.4 Recommendations for action for future voltage control 

 
Recommenda-
tion for action 

Motivation 
Legal / technical / 
regulatory aspects 

Economic aspects 

S
ho

rt
-t

er
m

 Inclusion of 
HVDC trans-
mission con-
verters and 
DECUs in the 
HV level 

Coverage of 
demand in the 
transmission 
grid  

 

Local compen-
sation of the 
distribution grid 
and reactive 
power contribu-
tion for the 
transmission 
grid 

Creation of the 
framework for the 
provision of reac-
tive power by 
plants connected 
to the transmission 
grid, even without 
savings in active 
power feed-in 

Forgoing of reac-
tive power com-
pensators 

Lo
ng

-t
er

m
 

Additional in-
clusion of MV 
and LV plants 

Local compen-
sation of the 
distribution grid 
and reactive 
power contribu-
tion for the 
transmission 
grid 

Integration of 
plants in the LV 
level via ICT 

Forgoing of reac-
tive power com-
pensators 

  



Short circuit power  

 

142 

4 Short circuit power 

Short circuit power is a calculation parameter used to quantify the 

load applied to an electrical system, the switching capacity of the 

circuit breakers and the system perturbation of connected electri-

cal equipment. It is a fictitious parameter because parameters are 

combined that never occur simultaneously. The nominal voltage of 

the faulty appliance is used to calculate the short circuit power, 

even though the voltage in the event of a fault is practically 0 V. 

TSOs are obliged to maintain a sufficiently high short circuit power 

in the grid to allow for the reliable detection of short circuit events, 

to ensure the transient stability of electric machines [24], and to 

ensure a potential gradient as narrow as possible in case of a fault, 

i.e. to confine the voltage drop as far as possible. In contrast, they 

are also obliged to ensure that the short circuit power is not too 

high, so that appliances are not damaged due to high short circuit 

currents, and that circuit breakers can safely interrupt the short 

circuit currents. The short circuit power of a given grid also serves 

as an indication of voltage and power quality, and is thus a rele-

vant parameter for the assessment of additional DECU grid con-

nections. 

The volume of the available short circuit power still mostly depends 

on the number and the apparent power of the grid-connected syn-

chronous generators, as well as their electrical distance to the fault 

location. A change to the generation structure, such as a reduction 

in the share of synchronous generators within the grid or a shift of 

generating capacity from the transmission into the distribution grid, 

can entail a significant change of the short circuit power, as will be 

explained below using an example. 

It is assumed that the installation of decentralised renewable ener-

gy systems, in particular of PV systems and wind turbines, will at 

least temporarily lead to an altered distribution of short circuit pow-

er sources. In the following consideration, the consequences of 

this development are discussed and key drivers are identified that 

contribute to a change of the available short circuit power. Addi-

tionally explained are the currently applicable specifications in 

Germany regarding the response to short circuits, laying the foun-
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dation for a consideration of the development of short circuit cur-

rents and the corresponding short circuit power. An examination of 

current related studies serves to identify unanswered research 

questions, which are then prioritised and answered.  

Displacement of conventional generation by DECUs 

It is expected that the cumulative connected capacity of all syn-

chronous generators in the transmission grid will decrease due to 

market-driven displacement effects exerted by DECUs connected 

in the distribution grid. Therefore, it is expected that the secured 

short circuit power as provided by conventional suppliers with syn-

chronous machines will decrease. Against this background, the 

development trend of short circuit power must be analysed taking 

into account short circuit current contributions from DECUs. 

Closely connected with this development is the question as to 

whether Germany will be able to provide industrial customers with 

strict requirements to the short circuit power available from CPs 

with enough CPs in the future. This would affect, for example, in-

dustrial customers operating electric arc or induction furnaces. 

Tighter coupling between the voltage levels 

It can be observed that the construction of new generation units in 

the distribution grids is associated with an increase in transfer ca-

pacity demand at the grid interconnections between the transmis-

sion and the distribution grid, which in turn requires the construc-

tion of additional transformers or grid interconnections [2]. The 

result is that the electrical distance between the respective grid 

levels decreases while the degree of coupling increases, and 

therefore there will likely be a trend towards greater short circuit 

current contributions from the transmission grid in case of faults in 

the distribution grid.  

The effect of this more pronounced grid coupling, however, can be 

counteracted by changing planning principles and operating 

modes of the lower-level grids.  

Weather-dependent availability of short circuit power 

The weather-dependent, volatile nature of supply-dependent re-

newable energy systems such as PV systems or wind turbines will 

also affect the provision of short circuit power assuming today's 

standard grid codes. So it can be assumed that supply-dependent 

renewable energy systems cannot contribute to the short circuit 
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power as soon as their primary energy source, e.g. the sun or 

wind, is no longer available, because these systems disconnect 

from the grid in times without any supply. Therefore, it is expected 

that a certain level of volatility of the available short circuit power 

will be the result. Here, however, it should be noted that fully rated 

self-commutating converters (optionally after a software update of 

the system controller) would be technically capable of four-

quadrant operation, thus supplying reactive current without primary 

energy provision and consequently providing short circuit power 

[153]. Since there is no active power exchange between the three-

phase supply network and the direct current intermediate circuit of 

the converter, only the active power losses caused by the convert-

er valves and by the capacity of the direct current intermediate 

circuit need to be compensated by active power supply from the 

three-phase supply network.  

Impact on the grid codes 

Short circuit power is currently used to calculate whether or not a 

newly installed plant may be connected to a considered grid CP 

[25] [26]. It serves as an indicator to estimate both the impact on 

voltage stability and the maximum load caused by harmonic cur-

rents. In the case of heavily modified or even volatile short circuit 

power, these principles must be reviewed and adjusted where 

necessary. 

Coverage of short circuit power demand by European collab-

orative partners 

The discussed possibility of potential displacement effects of con-

ventional generation by DECU assumes a market-driven process. 

It is known that a special market situation is given in Germany due 

to currently applicable support conditions for renewable energy 

sources. This means that it cannot be assumed that displacement 

effects, such as expected in Germany, will apply to the same ex-

tent to all of Europe. Regardless, it must be investigated to what 

extent short circuit power can be provided by the plants of the col-

laborative partners in cases of faults. It should be noted that this is 

not only a technical but also a political and regulatory issue. It is 

therefore necessary to consider to what extent the German trans-

mission grid would be able to meet its short circuit power demand 

regardless of collaborative partners.  
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Voltage quality 

Apart from pure voltage stability, voltage quality is a growing chal-

lenge. Volatile supply from plants with power electronics connec-

tions can lead to flicker noise and harmonic components. With a 

large number of these plants, unwanted grid perturbations may 

arise. 

4.1 Research questions 

It is expected that there will be a , temporal and weather-

dependent distribution of short circuit power sources. Therefore, it 

must be investigated whether the minimum and maximum re-

quirements to short circuit power are met in every situation in the 

future. The following research questions are derived from this: 

 How will the short circuit power in the German transmission 

grid and in the 110 kV distribution grids develop in the fu-

ture? 

 How weather-dependent will the available short circuit 

power be?  

 To what extent does the German energy supply system 

depend on the provision of short circuit power by European 

collaborative partners? 

 What possible solutions are available to alleviate situations 

in which there is not enough, or too much, available short 

circuit power?  

 What is the impact of a changed volume of available short 

circuit power on the grid connection requirements of PGS? 

4.2 Evaluation of current literature and studies 

Short circuit behaviour of power generation units 

Short circuit current, which is fed into the grid by an electric ma-

chine in case of a grid-side failure, depends on the reactance of 

the machine and the electrical distance to the fault. A distinction is 

made between short circuits near to and far from a generator. In 

short circuits close to a generator, there is a high initial short circuit 

current, which then decays to a steady-state value. In short circuits 

far from a generator, there is a nearly time-independent, steady-

state short circuit current from the beginning.  

In both cases, the resulting short circuit current largely depends on 
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the reactance of the equipment. Details on the calculation of the 

relevant reactances for the short circuit current calculation can be 

found in DIN EN 60909 (DIN VDE 0102) [33], which are used in 

the calculations carried out as part of the present considerations. 

In the event of a grid-side fault, the technical behaviour of DECUs 

connected to the grid via electronic power converters depends on 

the power generation technology and on used converters. So far, 

there are no applicable standard for the short circuit current calcu-

lation of DECU-based power converters in the event of grid-side 

faults [33]. However, specifications of the behaviour of DECUs are 

defined by the grid codes for grid-side short circuits [25]. These so-

called fault-ride-through requirements define the power supply by 

DECUs in the event of short circuits based on the prevailing volt-

age levels at the grid connection point as a function of time. 

A distinction is made between faults occurring near to and far from 

CPs. In faults near to a CP, the half-wave root mean square value 

of the line-to-line voltage at the CP is lower than 70% of the nomi-

nal voltage. Cases with a higher voltage at the CP are by definition 

far from the CP. Plants may not disconnect from the grid in case of 

a fault occurring far from a CP and must support the voltage by 

remaining online. CP-related errors are distinguished between 

PGS with high and low short circuit current contributions. A PGS 

with a high short circuit current share must be able to feed in a 

short circuit current for 150 ms which must be at least twice as 

high as its rated current. Then it must be able to feed in a third of 

its rated current for a duration of several seconds. Given a fault 

clarification time of 150 ms, such a PGS may not lead to instability 

throughout the whole operating range, or disconnect from the grid. 

If the voltage drops below a time-dependent setpoint, PGS with a 

high short circuit current share may disconnect from the grid. Ana-

logue requirements also apply to PGS with a low short circuit cur-

rent contribution. Conventional PGS are usually equipped with a 

synchronous or asynchronous generator and belong to the group 

of PGS with a high short circuit current contribution, while DECUs 

are generally driven by converters and belong to the group of PGS 

with a low short circuit current contribution. 

In case of a grid-side fault, all PGS must support the voltage by 

injecting reactive current that must be provided in addition to the 

reactive power injected prior to the fault. Due to their design, syn-
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chronous generators provide reactive currents without further ad-

justments. For all other PGS, the current value of the reactive cur-

rent depends on the half-wave root mean square value of the line-

to-line voltage and is 2% of the rated current of the PGS per 1% 

voltage drop. At a voltage drop to 50% of the rated voltage, these 

PGS are therefore obliged to inject their nominal current in the 

form of an inductive reactive current. Such a participation in dy-

namic grid support is not required for plants in the MV grid, but 

they have to be generally technically capable of doing so. Detailed 

information about the relevant requirements can be found in [25]. 

4.2.1 Present plant behaviour in fault case  

Studies have shown that the above-mentioned requirements must 

be observed in order to maintain the system stability of the inte-

grated European grid even during serious faults such as busbar 

short circuits [76]. Wind turbines installed prior to 2003 and that 

have not been modernised or upgraded since do not meet these 

requirements. These units will likely lead to larger potential gradi-

ents due to a lack of voltage support. This means that further PGS 

will disconnect from the grid and will therefore not be able to sup-

port it. The lowered generation capacity may exceed the design 

case of PCR of 3,000 MW and pose a serious challenge to system 

security [76]. PGS, particularly wind turbines connected after 2003, 

comply with these requirements and contribute actively to voltage 

support in case of a fault. Analyses have shown that this reduces 

any widening of potential gradients, and that it has a positive effect 

overall. Nevertheless, the behaviour of old plants is a problem for 

system security, because until today, generating capacity in the 

order of several gigawatts disconnects from the grid rather than 

supporting voltage in fault case. This is particularly the case with 

faults in the wind power generation areas in northern Germany.  

Key findings of the dynamic investigations carried out as part of 

the dena I study [76] are summarised below. Wind turbines hardly 

contribute to limiting the potential gradient in the event of short 

circuits. It is expected that voltage gradients will expand due to the 

displacement and the associated shutdowns of conventional power 

plants, and that this will result in even more outages of old wind 

turbines. Compared to conventional power plants directly connect-

ed to the EHV grid, wind turbines only make an insignificant contri-
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bution to the short circuit current. The voltage-supportive proper-

ties of wind turbines connected in voltage levels subordinate to the 

EHV grid have a negligible effect on the voltage of the transmis-

sion grid. Synchronous generators are able to support voltage sig-

nificantly, and could be converted to phase shifters in the course of 

displacement processes to help reduce the expansion of potential 

gradients and to contribute to dynamic voltage stability. Upgrading 

power plants to phase shifters, however, is technically possible 

possible but associated with high retrofit costs [37]. 

Old wind turbines located at the end of the fault-induced potential 

gradient remain connected to the grid for reasons of frequency 

control, but they do not contribute to voltage support in the EHV 

grid. On the contrary – since most of the considered old wind tur-

bines are asynchronous machines, they consume a high amount 

of reactive power in a very short time due to their design, and 

counteract any effort made to correct the voltage drop [76]. Fur-

thermore, it was shown that grid support by active compensation 

systems did not lower the potential gradient during the fault. How-

ever, they can make a valuable contribution to grid support after 

the fault has been corrected. 

Threat to system stability 

An uncontrolled disconnection of old plants can have far-reaching 

consequences for the stability of the integrated European grid. The 

loss of significant generation capacity in the order of several giga-

watts can exceed the design case of primary balancing power and 

may have implications on frequency control. Furthermore, the sud-

den, spatially concentrated loss of generating capacity - depending 

on the preloading of interconnectors - can lead to safety cut-offs of 

cross-border tie lines, and of tie lines close to the border. This 

would entail a separation of the integrated European grid. The oc-

currence of expansive potential gradients, the lowered voltage 

stability and the loss of generation capacity associated with the 

shutdown of older plants would tend to increase the risk of a tran-

sient instability of conventional PGS. 

4.2.2 Comparable studies 

The following section compares the results of selected studies on 

the development of the short circuit power. 
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A study on the development of the short circuit power in the Dutch 

transmission grid came to the conclusion that the short circuit 

power increased significantly during 2003 and 2013, and that a 

further rise is expected [76]. The increase is attributed to the per-

manent installation of new equipment in the transmission and dis-

tribution grids. So far, there is no trend in the Dutch grid regarding 

the dismantling of equipment, especially PGS. On the contrary – 

further installations are increasing the available short circuit power. 

The study describes the consequences of too high short circuit 

currents and short circuit capacities and makes recommendations 

on how to cope with this. A detailed description of the results and 

research methods of this study, however, was not published, and 

therefore a fundamental examination of the interactions of the cir-

cumstances described above remains a research question.  

A study commissioned by German TSOs [10] came to the conclu-

sion that in terms of short circuit power, a reservation of a mini-

mum generation capacity would not be necessary. This is due to 

the fact that there is always a certain minimum amount of conven-

tional generation capacity connected to the grid to maintain voltage 

stability. In addition, reference was made to a high import potential 

of short circuit power from the integrated European grid. As long 

as the partners in the European energy system do not curtail their 

conventional generation mix, no adverse effects in terms of a re-

duced short circuit power level in Germany need to be expected. 

This study differs in its posed question, i.e. the quantification of a 

necessary minimum generation from conventional power plants, 

from the study in which the development of the short circuit power 

was calculated taking into account clearly defined grid and genera-

tion expansion measures. 

A study elaborated by the Fraunhofer IWES in 2012 compared the 

development of the short circuit power in an energy supply system 

with a generation mix as per NEP 2012 with today's generation 

mix [145]. The installed generation capacity was initially and me-

thodically distributed amongst all relevant voltage levels from 

380 kV to 0.4 kV, and then a characteristic grid connection type 

was assigned to each power supplier type and power plant taking 

into account the generator system. Then the short circuit power 

contribution of the generator system was taken as independent of 

the fault location and therefore as maximum, which was then used 

to calculate the theoretical maximum. 
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The magazine ew - Magazin für die Energiewirtschaft (magazine 

for the energy industry) reported on this study, noting that the es-

timates show that the planned changes to Germany's generation 

mix by the year 2032 will have a direct impact on the volume of 

available short circuit power. By the year 2032, however, a joint 

reduction of the short circuit power up to 20% compared to the 

reference year 2010 is expected. [145]. 

The study is thematically congruent with the research question 

examined here, but it identifies the trends in the development of 

short circuit power while ignoring the influence of the electrical 

grid, grid expansion and the regional distribution of short circuit 

power sources. Furthermore, the study refers exclusively to Ger-

many, which is why the interdependencies with the neighbouring 

European countries could not be examined. Therefore, a calcula-

tion of the short circuit power is carried out in the following to de-

termine its change in the integrated grid and lower-level distribu-

tion grids. 

4.3 Modelling 

The calculation of the developmental trend of the short circuit 

power in the German transmission grid is based on an aggregated 

European transmission grid model (see Appendix B.1) and a 

showcase 110 kV distribution grid. First, short circuit currents are 

calculated on the 380 kV grid level without taking into account low-

er-level grids to determine the minimum and maximum short circuit 

power in the 380 kV grid. Correspondingly, short circuit current 

analyses are carried out in a showcase 110 kV distribution grid to 

identify the minimum and maximum short circuit power. Once the 

isolated contributions from the respective grid levels are known, 

they are then mathematically combined. The showcase 110 kV 

distribution grid is connected to selected 380 kV busbars to ob-

serve the resulting short circuit capacities once combined. The 

share of short circuit power provided from abroad is accounted for 

separately. With the method described in detail below, it is possi-

ble to observe trends in the development of the short circuit power 

of the 380 kV and 110 kV grid levels in an isolated and combined 

manner.  

A study of multiple grid levels requires a suitable estimation of the 

load and generation distribution in the considered simulation mod-
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els. In this analysis, two representative situations were considered 

that were identified using an annual simulation with the market and 

grid model (see Chapter A.2) for the years under review of 2011 

and 2033 (see Chapter A.3). In the following two situations, any 

renewable energy sources are considered independent from their 

primary energy supply with their minimum and maximum short 

circuit power contribution possibilities. The situation is one of max-

imum conventional generation that takes place around 7 pm on a 

winter evening in both observation years at the same annual hour. 

In this scenario, the highest short circuit power is to be expected 

by trend, therefore this scenario is referred to as "maximum case". 

On the other hand, there is a situation with minimum conventional 

generation on a summer morning at 5 am. By trend, the lowest 

short circuit power is to be expected in this scenario, therefore this 

scenario is referred to as "minimum case". Both the maximum and 

the minimum case share the fact that they are based on the con-

text of Germany plus neighbouring states and Italy. 

In an annual simulation of the electricity market, the conventional 

power plant utilisation is calculated in accordance with technical 

constraints, including the preferred supply of electricity from re-

newable energy sources, and delivered as the aggregated total 

capacity for every node of the aggregated transmission model, as 

it is described in Chapter A.2. This total capacity is divided into 

regions depending on the considered generation technologies. For 

the representative calculation of short circuit current contributions 

and maximum short circuit currents, it is necessary to divide this 

total capacity amongst the relevant voltage levels as per [2]. The 

factors used serve the distribution of the installed generation ca-

pacity and the definition of the operating points and are listed in 

Chapter A.1. The installed generation capacity does not change 

during the course of one annual simulation. 

30% of the load on which the market model is based is allocated to 

the 220 kV and 380 kV grid level, 30% to the 110 kV grid level and 

40% to the MV and LV levels. The total load on the 380 kV nodes 

aggregated in the grid and market model correspond to a merging 

of several real 380 kV nodes, which can each be connected to 

more than one lower-level 110 kV grid. In order to make a repre-

sentative calculation using a 110 kV grid, a scaling factor for gen-

eration and load is chosen. This scaling factor relates the 380 kV 

grid load , ,  at node  to the reference load of the consid-
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ered 110 kV grid ,  in  high load case. Using this factor, 

the total load and generation in the 110 kV grid is scaled. The volt-

age and frequency dependency of loads is not relevant to the cal-

culation of short circuit currents and is ignored in this study. 

The generation capacity is calculated using the same scaling and 

distribution factors. The generation capacities per energy source 

are relative to the total power generation in the considered grid. 

The total power generation from PGS is distributed in the grid area 

using typical nominal values.  

The newly constructed transformer substations and operationally 

relevant switching measures can have a significant impact on the 

level of the short circuit power. In this study, a representative grid 

expansion state with a defined switching state is assumed to en-

sure comparability. A detailed examination of different expansion 

variants and switching states is not provided in this study. 

Conventional generation 

It is assumed that all conventional PGS use a synchronous ma-

chine connected to the grid via a step-up transformer. Therefore, 

the reactance of these operating resources is the relevant driver to 

determine the short circuit current contribution of conventional 

generation technologies. The physical value of the reactances , 

 and  are taken from an internal database depending on the 

generator's rated apparent power. 

Renewable energy systems 

RES are generalised and considered as connected to the grid via 

a converter. This means that the short circuit current contribution 

depends on the voltage at the grid connection point when a short 

circuit occurs (see also section "Short circuit behaviour of PGS"), 

since these PGS have a low short circuit current contribution. For a 

consideration of the short circuit power trend, it is sufficient to as-

sume that all plants participate in voltage support of the affected 

grid level, while all PGS of higher and lower-level grids do not due 

to their longer electrical distances. This ensures that the maximum 

possible short circuit power can be accounted for in the considered 

grid level. Furthermore, it is assumed that all plants connected via 

converters can provide short circuit current equal to the nominal 

current rating of their converters, and that they inject this into the 

grid as a purely inductive reactive current in the event of a fault. 
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Short circuit current calculation 

The calculation of short circuit currents is carried out in accordance 

with DIN EN 60909 (DIN VDE 0102) [33], which is an accepted 

method for the determination of maximum and minimum short cir-

cuit currents for grid planning analyses. In the following analyses, 

a distinction is made between minimum and maximum short circuit 

current calculations. In determining the maximum short circuit cur-

rents, the voltage factor is assumed to be 1,1 and imped-

ance correction factors are taken into account. Regardless of their 

operating points, DECUs contribute to short circuit power with the 

full amount of their rated apparent power. The calculation of mini-

mum short circuit currents is carried out with the voltage factor 

1,0. In addition, impedance correction factors and electronic 

power converters are neglected as stated in the standard. In this 

case, DECUs connected to the grid via converters do not contrib-

ute to the short circuit power. In deviation from the standard, the 

short circuit current contributions of motors and the associated 

future load behaviour are neglected. This was deliberate, in order 

to better highlight the short circuit power trend with respect to a 

changed grid expansion and power plant utilisation.  

4.4 Calculations in the transmission grid 

The aim is to determine the existing short circuit power injected by 

operating resources and PGS in the transmission grid exclusively. 

For this purpose, an isolated consideration of the 380 kV grid level 

is carried out neglecting lower-level voltage levels. Subsequently, 

selected representative areas of the grid are analysed in detail, 

and a cross-grid analysis including contributions from the 110 kV 

distribution grid is carried out. For each scenario, three-phase 

short circuits on all 380 kV busbars are simulated and the mini-

mum and maximum short circuit currents as determined according 

to DIN VDE 0102. In order to analyse development trends more 

accurately, variant calculations are carried out in conclusion.  

4.4.1 Development of the maximum short circuit 

power 

It is assumed that the maximum short circuit power has a trend of 

being available in the annual hour with the maximum conventional 
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generation. In this scenario, node 20 in the year 2011 was re-

vealed as the node with the highest amount of available short cir-

cuit power. It is therefore used as a reference for the other obser-

vation points. An overview of the relationship between the short 

circuit power level at all other nodes in Germany relative to this 

reference node is provided in Figure 4.1. It is evident that in indus-

trial centres, such as at nodes 14, 20 and 27, significantly more 

short circuit power is available than in less industrial or more rural 

regions in eastern Germany, such as at nodes 4, 5 and 7. This is 

due to the fact that a large number of conventional generation 

plants are installed near industrial regions. In 2033, node 20 con-

tinues to be the node with the highest short circuit power, see Fig-

ure 4.2.  

 
Figure 4.1 Representation of the short circuit power in 2011 based on the 

node with the highest short circuit power (node 20) in 2011 

 
Figure 4.2 Representation of the short circuit power in 2033 based on the 

node with the highest short circuit power (node 20) in 2033 

It can also be seen that higher short circuit power levels exist in 

industrial regions than in rural areas. However, the second and 
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third strongest nodes have moved away from the reference. The 

nodes with the lowest short circuit power in 2011 will still have the 

lowest short circuit power, but here the distance to the reference 

node is shorter. 

Figure 4.3 shows the relative change of short circuit power in 2033 

compared to the year 2011. The graph should be interpreted such 

that positive values indicate an increase and negative values a 

decrease in short circuit power. It is noticeable in some cases that 

the short circuit power at the nodes can change by over 100% and 

that both decreased and increased short circuit capacities can be 

expected. Nodes at which a high short circuit power was already 

available in 2011 experienced only moderate changes. Nodes 3, 4 

and 5 exhibit a trend to low short circuit capacities in comparison 

to the reference node. However, there are significant increases 

here. 

 
Figure 4.3 Relative changes in the short circuit power in the maximum case at 

each node in 2033 relative to 2011 

4.4.2 Development of the minimum short circuit 

power 

It is assumed that the maximum short circuit power has a trend of 

being available in the annual hour with the maximum conventional 

generation. In this analysis, node 7 exhibits the lowest available 

short circuit power. In order to ensure comparability with the previ-

ous results, node 20 will continue to serve as the reference node 

with the maximum short circuit power. An overview of the relation-

ship between the short circuit capacities at all other nodes in Ger-

many relative to this reference node is provided in Figure 4.4. In 
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general, it can be observed that at nodes with a relatively low short 

circuit power in 2011, there will be more short circuit power availa-

ble in 2033, even though the construction of new DECUs has not 

yet been considered in this isolated approach. 

The minimum short circuit power for three-phase busbar short cir-

cuits in the aggregate grid model in 2033 can be both significantly 

lower and higher than in 2011, as it is shown in Figure 4.5.  

In order to explain all the changes discussed above, detailed anal-

yses are necessary. To this end, nodes selected in the following 

are analysed as examples. The selected nodes represent the 

highest (node 20) and the lowest (node 1) calculated short circuit 

power and the node with the largest reduction of available short 

circuit power (node 7). 

 
Figure 4.4 Representation of the short circuit power in 2033 based on the 

node with the highest short circuit power (node 20) in 2011 

 
Figure 4.5 Relative changes in the short circuit power in the maximum case at 

each node in 2033 relative to 2011 
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4.4.3 Detailed analysis  

Detailed analyses of node 20 

Figure 4.6 represents the relative contributions of all grid regions 

given a three-phase busbar short circuit at node 20 based on the 

highest occurring short circuit power in 2011, which was also cal-

culated at node 20. The term "node 20" means short circuit power 

provided at node 20 by PGS. D represents the share of the short 

circuit power that is provided by further generators in Germany. 

The regions West (NL, B, L and F), South (A, CH, I), East (P, CZ) 

and North (DK) are representing  the neighbouring countries of 

Germany. The total short circuit power is composed of these six 

regions. It is evident that in the maximum case, the main part of 

the short circuit power, over 80%, is provided by German power 

plants and this will change only insignificantly by 2033. However, 

by trend the share that is provided locally in the region of node 20 

will be halved. With 50%, this share of the total available short cir-

cuit power of Germany in 2011 is very high. In total, the calculated 

available short circuit power increases by about 10% at this node, 

from which it can be concluded that more absolute short circuit 

power is provided from nearby locations in Germany and abroad. 

 
Figure 4.6 Relative contributions to the short circuit power sorted by grid 

regions at node 20, based on the highest available short circuit 
power in the maximum case of 2011  

In case of a short circuit at node 20, the voltage drops at all bus 

bars tend to be higher. This means that the resulting potential gra-

dient will tend to be flatter and that possibly more generators will 
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be involved in the supply of short circuit current. The largest rela-

tive changes were calculated for the Ruhr area. The changes here 

are up to -37%. The arithmetic mean of the voltage drop changes 

is below -5%, which shows that the potential gradient does flatten 

but is still relatively steep due to the tight coupling to neighbouring 

nodes. 

In 2011 and 2033, node 20 belongs to the nodes at which a rela-

tively high short circuit power is available compared with the rest of 

Germany, even in the minimum case. However, a clear difference 

between the minimum scenario of the year 2011 and that of the 

year 2033 can be observed. The minimum short circuit power 

drops by almost 50%. Figure 4.6 shows that in 2011, about 76% of 

this available short circuit power comes from Germany, while this 

number drops to only 40.3% in 2033. The foreign share of the rela-

tive and absolute short circuit power has risen. The share of the 

available short circuit power from West European countries in the 

minimum case in 2033 has more than doubled. In the minimum 

scenario, short circuit power is not provided by generators in the 

area around node 20 due to market-related reasons. This is one of 

the key drivers behind the lower short circuit power at this observa-

tion point. Nevertheless, the bottom line is that the absolute level 

of the available short circuit power at node 20 significantly exceeds 

the absolute minimum volume in 2011 at node 7. When consider-

ing the voltage drops, it has to be noted that the drops are general-

ly less pronounced. On a nationwide average, there are changes 

amounting to -21%, with a maximum change of -48%. This reveals 

that a cutback of the conventional generation mix in a market pre-

viously dominated by conventional power generation leads to a 

drastic change in the expected potential gradients. 

Detailed analyses of node 7 

At node 7 in the maximum case in 2033, an increase in short cir-

cuit power by about 62% compared with 2011 is expected. Figure 

4.3 shows the relative contributions of defined grid regions to the 

available short circuit power given a three-phase busbar short cir-

cuit at node 7. It is evident that generators at node 7 do not pro-

vide short circuit power from conventional power plants - both in 

2011 nor in 2033. The contributions in 2011 are made to approx. 

56% from the East area, and to 44% from Germany. In 2033, the 

share from Germany will increase to about 57% and that of the 

East area will drop to about 42% relative to the total short circuit 
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power. However, the short circuit power increases overall, which is 

due to a share of 77% from German generators, and 19% from 

generators in Eastern Europe. Since the conventional generation 

mix has halved in the considered area between 2011 and 2033, 

and there is no conventional generation at the nodes under review 

in 2011 and in 2033, it seems likely that grid expansion is the key 

driver of the changed short circuit power amount. At node 7, it can 

further be observed that the voltage drops will change by trend. 

These results in changes 

 
Figure 4.7  Relative contributions to the short circuit power sorted by grid 

regions at node 7, based on the highest available short circuit 
power in the maximum case of 2011 

of around -12% to 2%. On average, the voltage drops change by -

1.3%. 

In the minimum case in 2033, node 7 was also identified as the 

node with the lowest short circuit power in all examined cases, 

although the short circuit power increases slightly compared to 

2011. It is suspected that the causes of the additional short circuit 

power are market-driven spatial shifts of power plant sites in the 

East area. However, this could not be confirmed. The share of the 

short circuit power supplied from the area East significantly de-

creases in the minimum case 2033 compared with 2011, whereas 

more short circuit power is provided from the area West. The share 

of short circuit power supplied from Germany increases. German 

plants have a share of 70% in the difference occurring between 

2011 and 2033. The contribution from Western Europe increases 

significantly from 2% in 2011 to 11.3% in 2033. It is therefore evi-
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dent that grid expansion is a key driver that leads to an increase in 

the minimum short circuit power at this location.  

Voltage drops are more pronounced compared with 2011. In the 

German average, approx. -7.8% lower voltage drops are the result. 

The highest change is -27%. 

Detailed analysis of node 1 

Node 1 has been chosen for a detailed analysis, since it can pro-

vide clearly less short circuit power in 2033 than in 2011 when 

calculating the maximum short circuit power. The calculation re-

veals that the short circuit power available in the maximum case 

with its high level of conventional generation is halved. The share 

of short circuit power supplied from Germany relative to the total 

short circuit power is about 82.5% in 2011 and about 76% in 2033, 

as shown in Figure 4.8. However, in terms of the absolute contri-

butions to the short circuit power, there is a resulting reduction of 

the German contribution of -89%. In 2011, about 56% of the Ger-

man short circuit current contribution was provided at node 1. In 

2033, there will be a reduction of almost 98%. The contribution 

from the node itself is marginal. This is due to the reduction of 

conventional generation mix at this point.  

In contrast to other previously studied locations, there are com-

plementary voltage drops at the nodes in the vicinity. While the 

voltage drop is lowered by 37% at node 3, the voltage drop at 

node 4 is more severe with -12%. On average and relative to the 

whole of Germany, there are hardly any changes.  

In terms of the examination of the minimum short circuit power, 

only a marginal change is likely as illustrated in Figure 4.5. Figure 

4.8 shows that the share from Western Europe increased by about 

10% and the share from Northern Europe falls from 23% to about 

4%. In 2011, six times more short circuit power was provided by 

the area North relative to the absolute difference between 2011 

and 2033. Likewise, nearly six times more than the difference itself 

is provided the areas West, South and East in total. This is almost 

offset by the total amount of available short circuit power and 

serves as an indication that grid expansion has a very large impact 

on the future distribution of short circuit power. On average, the 

voltage drops change by -6.4%. 
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Figure 4.8  Relative contributions to the short circuit power sorted by grid 

regions at node 1, based on the highest available short circuit 
power in the maximum case of 2011 

4.4.4 Cross-grid level consideration 

In the following, the shares of the total available short circuit power 

are presented for a three-phase busbar short circuit in the trans-

mission grid. A distinction is made between shares from the distri-

bution grid, the transmission grid and shares from supply-

dependent renewable energy systems in the distribution grid. The 

calculation of the distribution grid contributions is discussed in de-

tail in Chapter 4.5 and is carried out as an example for the indus-

trial and the rural region in this section. Table 4.1 shows the avail-

able short circuit power with a combined consideration of the 

transmission and distribution grid level compared with the isolated 

consideration of the transmission grid based on the respective 

scenarios. In any case, the additional consideration of the lower-

level distribution grid has led to an increase in the available short 

circuit power. Significant contributions from the distribution grid 

occur at rural nodes. The short circuit power increases by about 

10% in the maximum and by approximately 16% in the minimum 

case, which is due to a contribution from renewable energy sys-

tems. 
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Table 4.1 Relative short circuit power for a 380 kV busbar short circuit taking 
into account the short circuit power contribution from the 110 kV 
level based on the short circuit power of the isolated 380 kV con-
sideration 

Year Node 7 Node 20 

 
Minimum 
case

Maximum 
case

Minimum 
case Maximum 

case 

2011 116.0% 110.8% 101.5% 101.8% 

2033 115.2% 109.5% 101.7% 102.7% 

In the more industrial grid, the results are slightly higher short cir-

cuit capacities; increases, however, are marginal with about 2%. 

Table 4.2 shows the contributions to the rural node 7, grouped by 

grid level. In the minimum case, the contribution from the distribu-

tion grid in 2011 and 2033 is slightly over 13%, and in the maxi-

mum case just under 10%. Since there is no conventional power 

plant capacity installed in the distribution grid in any of the consid-

ered scenarios, the contributions are madesolely by renewable 

energy systems.  

Table 4.2 Short circuit power contributions per grid level for node 7 

Year 
Operating 
condition 

Contribution 
from TG 

Contribution 
from DG 

RES SG 

20
11

 

Minimum 86.1% 13.9% 100.0% 0.0% 

Maximum 90.2% 9.8% 100.0% 0.0% 

20
33

 

Minimum 86.8% 13.2% 100.0% 0.0% 

Maximum 91.3% 8.7% 100.0% 0.0% 

The results for an industrial distribution grid at node 20 are listed in 

Table 4.3. In 2011 and in 2033, there are existing conventional 

power plants that make a short circuit current contribution. This 

contribution is 0% in the minimum case, because the power plants 

here are not connected to the grid, and 64.2% in 2011 and 73.3% 

in 2033 relative to the share provided in the transmission grid from 

the distribution grid for busbar short circuits. By trend, almost the 

entire short circuit power (> 95%) is provided by conventional sup-

pliers at node 20 in all considered situations. 
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Table 4.3 Short circuit power contributions per grid level for node 20 

Year 
Operating 
condition 

Contribution 
from TG 

Contribution 
from DG 

RES SG 

20
11

 

Minimum 98.5% 1.5% 100.0% 0.0% 

Maximum 98.3% 1.7% 35.8% 64.2% 
20

33
 

Minimum 95.8% 4.2% 100.0% 0.0% 

Maximum 97.4% 2.6% 26.7% 73.3% 

4.4.5 Variant calculation 

In the following variant calculation, the influence of grid expansion 

on the development of short circuit power is investigated. The 

power plant utilisation of the years 2011 and 2033 is calculated 

without grid expansion with the grid of 2011, and with a grid ex-

pansion as per NEP for 2033. Figure 4.9 shows the relationships 

of the respective scenarios in terms of grid expansion relative to 

the variants without grid expansion. It is apparent that all values 

are over 100%, which means that more short circuit power is pro-

vided due to grid expansion in the generation situations in 2011 

and 2033. At selected nodes, grid expansion even leads to an in-

crease in short circuit power, for example by nearly 100% at node 

7. Analogous to the results above, Figure 4.10 shows the calcula-

tions for the minimum case. Again, there is a significant influence 

of grid expansion on the volume of the expected short circuit pow-

er. An increase in short circuit power is expected at every exam-

ined point. 
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Figure 4.9 Relative short circuit power of the maximum cases in 2011 and 

2033 as calculated taking into account grid expansion by the year 
2033 (with NEP) relative to the maximum cases with the grid from 
2011 (without NEP) 

 
Figure 4.10 Relative short circuit power of the maximum cases in 2011 and 

2033 as calculated taking into account grid expansion by the year 
2033 (with NEP) relative to the maximum cases with the grid from 
2011 (without NEP) 

As a further variant, the influence of the changed generation mix 

on the volume of the expected short circuit power is examined. To 

this end, the grid of the study scenarios is assumed to be constant 

and generation to be variable. This means there is a comparison 

between the feed-in situation of 2011 and 2033 using the same 

grid expansion variant. Figure 4.11  shows this for the maximum 

case. It can be seen that the proportion of the short circuit power 

change that is caused by the changed generation mix over the 

period under review tends to be only slightly dependent on the grid 

expansion situation. Analogously, Figure 4.12 shows this for the 

minimum case. 
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Figure 4.11 Relative short circuit power in the maximum cases given a 

variation of the generation situation in 2011 and 2033, each based 
on the grid of 2011 (without NEP) and the grid of 2033 (with NEP)  

 
Figure 4.12 Relative short circuit power in the maximum cases given a 

variation of the generation situation in 2011 and 2033, each based 
on the grid of 2011 (without NEP) and the grid of 2033 (with NEP) 

4.5 Consideration of the distribution grid level 

In this step, the minimum and maximum sub-transient short circuit 

capacities are calculated in a representative 110 kV example grid. 

Like with the isolated consideration of the 380 kV grid level, the 

distribution keys from Chapter A.1 are adopted to representatively 

map and appropriately scale the generation and load situation. 

This way, both an industrial and a rural 110 kV distribution grid can 

be represented. The industrial grid was scaled according to the 

power plant utilisation at node 20, thus representing a very indus-

trial grid area close to a city. The rural grid was scaled according to 

the power plant utilisation at node 7, and it thus represents a rural 
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grid area with a relatively low load and a high proportion of renew-

able energy systems. 

4.5.1 Development of the maximum short circuit 

power 

Figure 4.13 shows the result of the determination of the maximum 

sub-transient short circuit power in a rural 110 kV distribution grid. 

The shown short circuit capacities in the year 2033 are based on 

the short circuit power of the respective node of the year 2011 in 

the maximum case. 

It can be seen that the resulting changes in this grid area do not 

vary very strongly. With few exceptions, the available maximum 

short circuit power increases from 2011 to 2033 by an average 

amount of about 25%. Only three nodes (38, 39 and 46) are an 

exception: the maximum short circuit power available at the re-

spective nodes in 2033 is marginally lower than the 2011 value.  

 

Figure 4.13 Maximum short circuit power in a rural 110 kV distribution grid in 
2033, based on the respective short circuit power of the node in 
2011 

The development of the maximum short circuit power of the highly 

industrialised grid in the same observation period of 2011 to 2033 

in the maximum case is shown in Figure 4.14; here too, the short 
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circuit capacities shown are based on the short circuit power of the 

respective node in 2011.  

 

Figure 4.14 Maximum short circuit power in a rural 110 kV distribution grid in 
2033, based on the respective short circuit power of the node in 
2011 

The shown changes in the short circuit power vary over the entire 

grid area, whereas most nodes in this industrial distribution grid 

exhibit an increase in the maximum short circuit power. The largest 

changes are experienced by nodes 6, 8, 45, 50 and 54, where the 

available maximum short circuit power rises on average to about 

180% (compared to the respective value from 2011). 

At some nodes (4, 39, 46 and 55) there even is a decrease in the 

local short circuit power. Nodes 46 and 55 are most affected by 

this with a short circuit power decrease to about 40% (based on 

the current value of 2011). The main reason for this is, that at 

these nodes, and in their vicinity, renewable power generation 

does not increase to the same extent that local conventional gen-

eration is taken from the grid. 

Figure 4.15 summarises these relative changes in the short circuit 

power of the two considered grids of 2011 and 2033. 

It can be seen that - as already described - rural distribution grids 

are likely to experience an increase in short circuit power, but 

changes are limited to a maximum of +50%. In characteristically 
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industrial distribution grids, a clear trend cannot be identified, since 

the new construction of renewable energy systems does not keep 

pace with that of rural regions, and because conventional genera-

tion has to be considered as no longer connected to the grid due 

to displacement effects. Change rates of of more than +80%, but 

occasionally also declinations of -40%, can be identified that lead 

to a more uneven geographical distribution of short circuit power. 

4.5.2 Development of the minimum short circuit 

power 

According to DIN VDE 0102, the determination of the minimum 

short circuit power of a grid node must neglect any short circuit 

current contributions from renewable energy systems connected 

via converters. The conclusion is that in the isolated consideration 

of the 110 kV sample grid, the available minimum short circuit 

power is 0 MVA, because no conventional generation capacity 

exists in the considered grid section in any of 2011 and 2033 sce-

narios relevant to the determination of the minimum short circuit 

power. 

 
Figure 4.15  Relative change of the maximum short circuit power from 2011 to 

2033 for both a rural and an industrial 110 kV sample grid 

4.5.3 Cross-grid level consideration 

In the following combined considerations, the 110 kV grid is con-

sidered in combination with the 380 kV transmission grid to assess 

the short circuit power development in the 110 kV grid and its in-

teraction with the 380 kV grid level. In addition, one can thereby 
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estimate the share of short circuit power contributions from the 

110 kV grid for three-phase bus bar faults on the 380 kV grid level. 

The development trend of short circuit power in the 110 kV grid is 

analysed by simulating three-phase bus bar short circuits at all 

110 kV nodes in different generation situations with a constant 

topology. The generation situations are based on the minimum and 

maximum cases, and the regionalised generation mix of the 

380 kV nodes with the minimum (node 7) and maximum (node 20) 

short circuit capacities. 

The results for the predominantly rural 110 kV grid in combination 

with the 380 kV grid model at CP 7 are shown in Figure 4.16 for 

the minimum and maximum cases. The diagram shows the 

changes between 2011 and 2033. The largest short circuit power 

change is 124% in the maximum case and 121% in the minimum 

case relative to the respective values 2011. The highest absolute 

short circuit power value in the entire grid of the year 2033 will in-

crease by 23.8% compared with 2011. The smallest absolute short 

circuit power remains approximately the same and is equivalent to 

102% of the short circuit power in 2011. The minimum values of 

short circuit power of 2011 are therefore not undershot. Figure 

4.17 compares the short circuit power in the minimum case both 

with the maximum contributions of all installed renewable energy 

systems, and without these systems for the years 2011 and 2033. 

It can be seen that the systems installed in the 110 kV grid further 

increases the available short circuit power. In the observed sec-

tion, this increase is on average +35% in the minimum case in 

2011, and +30% in the minimum case in 2033. Under current con-

ditions, this means that the available short circuit power is supply-

dependent, and is therefore to be assumed as volatile. 

The results for the lower-level and predominantly industrial 110 kV 

grid are shown in Figure 4.18 for the minimum and maximum cas-

es. The largest short circuit power increase is 154% in the maxi-

mum case. In the minimum case, the short circuit power drops to 

61% relative to the value of 2011. The highest absolute short cir-

cuit power value throughout the entire grid in 2033 will decrease by 

84% compared with the value of 2011. The smallest absolute short 

circuit power remains approximately the same and is equivalent to 

99% of the short circuit power in 2011. The minimum values of 

short circuit power of 2011 are therefore not undershot.  
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Figure 4.16 Relative changes of the short circuit power between 2011 and 
2033 in the minimum and maximum case at node 7 

 

 

Figure 4.17 Minimum case with RES contribution, each based on the minimum 
case without RES for the years 2011 and 2033 at node 7 
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Figure 4.18 Relative changes of the short circuit power between 2011 and 
2033 in the minimum and maximum case at node 20 

 

Figure 4.19 Minimum case with RES contribution, each based on the minimum 
case without RES for the years 2011 and 2033 at node 20 
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Figure 4.19 compares the short circuit power in the minimum case 

both with the maximum contributions of all installed renewable 

energy systems and without these systems for the years 2011 and 

2033. It can be seen that the systems installed in the 110 kV grid 

further increases the available short circuit power. 

4.6 Conclusion on short circuit power 

The study analyses the qualitative development of the short circuit 

power in Germany using the specified assumptions about the de-

velopment of the German and European energy system. Therefore 

the study cannot be used to assess isolated cases in detail, how-

ever, the tendency of changes in the short circuit power based on 

the current grid are correctly reproduced. 

The analysis has shown that today's nodes with a very high short 

circuit power will retain that capacity in 2033. The short circuit 

power of industrial regions will continue to be far higher than that 

of rural areas. The weakest nodes in terms of short circuit power 

will continue to be the weakest in terms of available short circuit 

power, but will experience significant growths, by over 100% in 

some cases, relative to the reference year 2011. The bandwidth 

between the minimum and maximum short circuit power in 2033 

changes only slightly versus 2011. However, significant changes 

are to be expected regarding the medium range of the available 

short circuit power bandwidth. On average, the short circuit power 

in Germany will tend to increase by about 20%. Overall, it should 

be noted that the minimum and maximum short circuit capacities 

already achieved in 2011 will be neither over- nor undershot in 

2033. 

It is striking that the available short circuit power increases in some 

regions, despite a reduced installed capacity. This increase cannot 

be explained solely by a slight increase in the short circuit power 

supplied from abroad. Rather, the increase originates mainly from 

German plants. It has been shown that this increase is plausible 

despite a smaller generation mix. The reduced power plant capaci-

ty in the vicinity of the fault location entails a reduction of the short 

circuit power immediately available for voltage support. In turn, the 

absence of this short circuit power entails a flattening of the grid-

side potential gradient, so geographically more distant generators 

must make a higher short circuit power contribution. This effect is 
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further aggravated by grid expansion, which causes a closer grid 

coupling between the remaining generators, thereby shortening 

their electrical distance from the fault.  

In sum, it could not be observed that significantly more short circuit 

power in Germany was provided from abroad. However, the coun-

tries of origin could change. In terms of the provision of short cir-

cuit power, this is established for 2011 and 2033. However, it re-

mains unclear whether more or less foreign generators will be in-

volved in the future. Due to the inadequate data regarding the re-

gional grid and generation development of the collaborative part-

ners, it was not possible to analyse this in the context of the pre-

sent study. 

The largest share of renewable energy systems is and will be in-

stalled in the 110 kV distribution grid, and not the 380 kV transmis-

sion grid. Our analysis shows that the available short circuit power 

is subject to heavy weather and daytime-dependent fluctuations. In 

an isolated calculated (without short circuit power share from the 

transmission grid) distribution grid variant, it was determined that 

market-driven situations are conceivable, in which neither conven-

tional power plants nor generation from wind or PV were connect-

ed to the observed 110 kV distribution grid. This may be the case, 

for example, on a windless night. As a result, no short circuit power 

is reserved in the 110 kV grid level. However, in combination with 

the transmission grid, acceptable short circuit capacities did devel-

op in the 110 kV distribution grids. However, an increase in short 

circuit power of 30-40% in 2033 was identified compared with the 

situation in which wind and PV systems were also in operation. 

The conclusion is that the short circuit power can be subject to 

heavy daily fluctuations and that these fluctuations depend on the 

installed DECU capacity. In order to control this volatility, one must 

consider the extent to which DECUs with converters, especially 

supply-dependent renewable energy systems, should stay con-

nected to the grid at any time to provide the ancillary service of 

short circuit power. This study has previously shown that this 

would be technically possible. However, so far there is no (tariff) 

model of and how DECU operators should be compensated mone-

tarily for the provision of such a ancillary service. 

States in which the short-circuit power exceeds technical feasible 

short-circuit power capacities of primary equipment are not ex-
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pected. Nevertheless, it is recommended to carry out further anal-

yses with detailed data to adapt asset management strategies to 

the changing conditions, and also to examine the feedback be-

tween all voltage levels in one combined analysis. Furthermore, 

the impact of the change to the potential short-circuit power gradi-

ents on the protection coordination strategy of conventional protec-

tion systems must be analysed. Therefore, it must be investigated 

whether protection system concepts based on communication in-

frastructures, as presented in [146], [147], [148], [149] can contin-

ue to ensure the protection of operating resources and the stability 

of the energy supply system, and whether or not they provide an 

economic added value. Only after this investigation, it would be 

possible to estimate investment costs for eventual upgrading 

measures in the area of future protection and control systems. As 

discussed in the preliminary analysis, consumers such as heavy 

industry have special requirements to the short circuit power at 

their grid CP. The consideration of sites suitable for the grid con-

nection of heavy industry facilities, or whether future restrictions 

might result, was not the focus of this study. A detailed analysis of 

this question based on selected locations is another separate re-

search question. 

In conclusion, the main recommendations for action are summa-

rised in Table 4.4. The short-term recommendations for action are 

considered as necessary within the next ten years, and the long-

term recommendations as necessary until the end of the review 

period 2033. 
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Table 4.4 Recommendation for action  

 
Recommenda-
tion for action 

Motivation 
Legal / technical / 
regulatory aspects 

Economic aspects 

S
ho

rt
-t

er
m

 

DECUs should 
consistently 
remain con-
nected to the 
grid in order to 
provide short 
circuit power 

Reduction of 
weather-
dependent fluc-
tuations of the 
short circuit 
power 

Clarification of re-
sponsibilities and 
establishment of 
the necessary 
framework condi-
tions 

Financial compen-
sation for converter 
losses incurred due 
to standby mode 

Investigation of 
the effects of a 
changed short 
circuit power 
distribution on 
the protection 
coordination 
strategy 

Analysis of the 
selectivity and 
reliability of the 
employed pro-
tection concepts 

Maintenance of 
reliable system 
operation 

- 

Lo
ng

-t
er

m
 

Potential anal-
ysis of adap-
tive protection 
concepts and 
evaluation of 
possible ex-
pansion costs 

Adaptation to 
frequently 
changing sys-
tem conditions, 
especially vola-
tile short circuit 
currents 

Clarification of da-
ta protection as-
pects regarding 
data exchange 

Studies must be 
carried out and 
necessary invest-
ments must be 
quantified 
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5 Grid restoration 

Currently, grid restoration after a complete or large-scale black out 

is realised following a central concept, namely by starting black 

start capable large-scale power plants in the transmission grid, 

with these plants then forming individual stand-alone grids at the 

start of the grid restoration process. The transmission grid lines are 

gradually reconnected upon startup of the power plants. In case of 

partial failures, the transmission grid is restored by a gradual re-

connection of transmission grid lines in the affected grid areas [31], 

[39]. Then an alternating incorporation of lower-level voltage lev-

els, loads and further power plants takes place. Today's concept is 

based on the constant availability of black start capable power 

plants with a connection to the transmission grid level. Large hy-

droelectric power plants (especially PSPs) and gas turbines are 

suitable for this purpose, since startup is possible with batteries 

and emergency power systems. 

The last large-scale system disturbance in Europe took place in 

November 2006 when the former UCTE grid had split into three 

asynchronous zones after a fault [86]. The formation of the stand-

alone grids resulted from a random process after cascaded line 

failures due to protection tripping. Black starting power plants, 

however, was not required since all grid operators were able to 

maintain operating power plants on the transmission grid level.  

5.1 Research questions 

In the future, the structure of the conventional generation mix will 

further change. In times of high feed-in from RES, only few con-

ventional power plants will be connected to the grid, or certain re-

gions up to the whole of Germany might even be operated com-

pletely without conventional power plants. For these reasons, to-

day's central grid restoration concepts have to be checked as to 

their applicability. As alternatives, decentralised approaches in-

cluding renewable energy and storage systems are viable. Here, 

grid restoration would be initiated starting at the lower-level voltage 

levels. It is also conceivable that sub-grids decouple from the inte-

grated grid upon an incipient blackout and recover in stand-alone 



Grid restoration  

 

177 

grid operation should the higher-level grid fail. Such concepts are 

currently only in their research phase. The problem here is the 

timely detection of a propagating large-scale fault up to a trans-

mission grid failure. This results in the following research questions 

for the subject area of grid restoration: 

 How many gas turbines are required for grid restoration?  

 To what extent is grid restoration hindered or delayed by a 

small number of gas turbines? 

 How would grid restoration take place with RES connected 

to the grid in these situations?  

 Which technical boundary conditions are necessary, and 

how fast can this method ensure the re-establishment of 

supply? 

 What effect does the geographical distribution of power 

plants have on grid restoration concepts? 

 Can lower-level grid groups (for example, 110 kV grid 

group) recover in a stand-alone grid after a failure of the 

transmission grid? What are the technical boundary condi-

tions in these cases? 

 How can a resynchronisation of many stand-alone grids be 

carried out efficiently? 

 How can RES participate in the regulation of stand-alone 

grids? 

 How must the existing protection systems for stand-alone 

grid operation be modified? 

5.2 Evaluation of current literature and studies 

The current approach to grid restoration as based on centralised 

large-scale power plants is described in [87].  

The possibilities and side constraints for the implementation of 

possible future decentralised approaches to grid restoration are 

analysed in the literature from several points of view. The VDE 

study "Aktive Netze im Kontext der Energiewende" (Active grids in 

the context of the energy transition), February 2013 [26], points to 

a necessary transformation of protection concepts regarding the 

implementation of stand-alone grid operation on the distribution 

grid level. In addition, solutions for grid automation in the LV and 

MV level are being discussed. 
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In Denmark, a distribution grid area (consisting of LV, MV and HV) 

was equipped and field-tested with mixed feed-in from wind tur-

bines and CHP plants with stand-alone grid capability and a resyn-

chronisation unit as part of the Cell Controller pilot project [136]. To 

this end, decentralised frequency and voltage stability mechanisms 

were established. Amongst other things, short-term stand-alone 

grid operation was tested with feed-in from wind turbines exclu-

sively. Long-term stable operation with supply from wind turbines 

is not possible with this implementation.  

In the E-Energy project called Model City of Mannheim, a virtual 

power plant was realised with the involvement of PV systems and 

micro-CHP systems. The primary focus of this project is on the 

development and investigation of new business models and incen-

tives for a local balancing of loads and suppliers. An application of 

the system in combination with a possible stand-alone grid opera-

tion is not considered [88].  

The BDEW discussion paper [89] discusses a possible partition of 

the central grid management concept into a number of decentral-

ised systems in Chapter 9. This would serve to better optimise the 

many decentralised suppliers. However, the document highlights 

the fact that the decentralised systems should continue to balance 

via the transmission grid, and that they should not enter stand-

alone grid operation mode during normal operation. 

As part of the DEZENT project [90], a load and feed-in manage-

ment system for lower-level voltage levels has been developed. 

The aim was to compensate the active power balance from the 

lowest voltage level and to compensate for a possible imbalance 

versus the overlying hierarchy level. 

In the project FOR1511 (www.for1511.tu-dortmund.de), the target-

ed formation of stand-alone grids on the transmission grid level 

was pursued to avoid blackouts after fault situations, thereby pre-

venting a more rapid propagation of the fault. Decentralised stand-

alone grid formations were not considered in this project. 

In summary, it can be assumed that there are very few publica-

tions on the formation of stand-alone grids in the distribution grid or 

on black starts with the participation of decentralised suppliers or 

storage systems. Rather, most publications explore decentralised 

compensation mechanisms on the distribution grid level, which do 

not provide for a separation from the transmission grid and which 
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were not primarily designed for grid restoration. For this reason, 

the research questions above are discussed as part of our own 

research that follows below. 

5.3 Own research 

5.3.1 The central concept 

In this section, the applicability of the current central concept for 

grid restoration in 2033 is discussed.  

Number of black start capable power plants 

It is assumed that until 2033, there will be no significant decrease 

of the installed conventional power plant capacity [4], in particular 

gas turbines and PSPs will remain available. It is therefore likely 

that there will be a sufficient number of conventional power plants 

available for the black start capability of the entire grid. However, 

in situations with a long-lasting and high feed-in from renewable 

energy sources, conventional power plants are turned off and en-

ter hot standby mode. The consequence is that given a grid failure, 

this would lead to less available conventional power plants that 

could recover in a potential auxiliary power stand-alone grid. Thus, 

the grid's black start capability will become more important in the 

future. 

Since a black start of the grid is carried out primarily with PSPs 

[87], black starts will remain possible even in situations with long-

lasting supply from renewable energy sources due to their availa-

bility at short notice. In addition, it can be assumed that PSPs are 

not in turbine operation mode in these situations, and one can 

therefore expect an adequate storage reservoir level. Gas turbines 

also involved in black starts, and partly also combined cycle power 

plants, have a startup time from hot standby mode of under 10 

minutes [91], and can therefore also be used. Other large-scale 

power plants, especially coal-fired power plants, cannot be config-

ured for black starts due to technical limitations.  

The total number of required black start capable power plants will 

probably not change compared to today, since they depend on the 

grid size that is to be supplied with voltage (see geographic distri-

bution below), and not on the lower-level feed-in or load structure. 

This means that the voltage-reactive power controllability must be 
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given first, and then the capacity must be quickly available in an 

adjustable manner to cover the load in the stand-alone grid that is 

ready to be started. Furthermore, redundancy is an important crite-

rion in determining the minimum number of black start capable 

power plants. Since power plants may not be available for reasons 

such as maintenance work or faults, several power plants in each 

control area must be black start capable. In 2008 for example, four 

power plants were black start capable in the control area of Vatten-

fall Europe (now 50Hertz Transmission) [87].  

Geographical distribution of power plants 

Area-wide grid restoration requires an adequate geographical dis-

tribution of a sufficient number of reactive power sources. Reactive 

power sources from the lower-level voltage levels cannot be used 

for centralised grid restoration. Since it is not expected that the 

demand for reactive power of the idling transmission grid will 

change significantly by 2033, the current distribution of the neces-

sary black start capable power plants will remain. 

Inclusion of renewable energy systems in grid restoration 

RES are largely connected to the distribution grids, which is why a 

black start with the central concept is initially carried out with con-

ventional power plants. With the gradual addition of lower-level 

voltage levels when restoring the grid, it must be observed that 

depending on the design of the balancing measure, a large part of 

the suppliers in these levels will inject their currently available ca-

pacity into the grid when the grid voltage and frequency returns, 

and thus, depending on the weather conditions, make high de-

mands on the compensation of the active power balance by con-

trollable power plants. This might jeopardise grid stability during 

the critical grid restoration process. So far, no concept takes ac-

count of renewable energy systems for grid restoration. 

To estimate the residual load, such a concept must take the cur-

rent weather situation into account when selecting the grid areas to 

be added, because the last known feed-in status could have 

changed since grid disconnection. It must be checked whether the 

maximum feed-in of wind farms or ground-mounted solar power 

plants during grid restoration should be fundamentally limited, or if 

this value should be specified by the grid operator via a communi-

cation interface. 

This leads to technical boundary conditions for RES installations in 

stand-alone grid operation: 
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- Option of throttling supply-dependent suppliers 

- Participation in frequency and voltage stability, and in-

stantaneous reserve (see Chapters 2 and 3) 

Not all RES must meet these boundary conditions. The required 

share results from the size of the grid area to be restored and the 

proportion of conventional power plants and RES in this area.  

Black starts with renewable energy systems 

If RES are to be used for black starts, they must be generally 

online and specified as black start capable in the control centre of 

the TSO. Should these plants concern the grid of a DSO, this DSO 

must be considered in the information chain. 

Dynamic stability studies must be conducted prior to a black start 

with the participation of RES. A sufficient controllability of these 

plants must be verified first. If it is given, detailed transient tests 

must be carried out to validate balancing behaviour and stability. 

Grid management training 

Regular training measures are necessary in order to master the 

complex coordination processes between the transmission grid 

and the distribution grids in fault situations. In particular the inter-

action between the grid operators must be taught. 

5.3.2 Decentralised concepts for stand-alone grid 

operation 

In this section, the future possibilities for stand-alone grid formation 

on the distribution grid level will be discussed. According to [26], 

the cellular approach is when a 110 kV grid group recovers itself in 

fault situations. The injected capacity is mainly provided by 

DECUs, provided that a sufficient feed-in capacity is available. In 

addition, a load and storage management system is required to 

ensure the power balance. The decentralised stand-alone grid can 

be operated more easily if it is disconnected before the blackout, 

thereby recovering in a stable condition. 

For a decentralised stand-alone grid formation, new methods of 

balancing loads, storage systems, and suppliers are required due 

to the high number of grid areas and operating resources. In this 

context, there is the issue of implementing frequency and voltage 

control with a large number of decentralised weather-dependent 
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suppliers. Load intervention is required in many cases, since it is 

expected that the available capacity of RES will be lower than the 

load in many cases throughout the year, and that the storage sys-

tem share will not be high enough to ensure that all loads are ac-

commodated. 

Minimum stand-alone grid size 

Possible grid sizes could be sections of electrically isolated grid 

areas of a single or multiple voltage levels interconnected by trans-

formers. The active power balance must be ensured in order to 

ensure a reliable stand-alone grid operation. The smaller the 

stand-alone grid area, the lower the compensation effects of sto-

chastic suppliers/loads. This results in higher demands on active 

power control. Moreover, it is not possible to separate suppliers 

from loads in the MV and LV level, at least not with reasonable 

effort. At first, only suppliers provide for grid voltage and only then 

are the loads gradually connected. This behaviour must be taken 

into account in grid restoration concepts of these voltage levels. 

Stand-alone grid size versus cost-benefit ratio 

A significant amount of effort (installations, remote control technol-

ogy, personnel, synchroniser equipment, emergency power sys-

tems) is necessary to enable decentralised stand-alone grid opera-

tion. The smaller the stand-alone grid, the higher the specific effort. 

In particular, the resynchronisations of many smaller grid areas is 

very time and labour-consuming, or would require a yet to be de-

veloped automated synchronisation method. To lower this effort to 

an acceptable level, it would be conceivable to operate individual 

HV grid areas or HV grid groups as stand-alone grids and to carry 

out resynchronisations via the transmission grid level. If there are 

multiple CPs between HV and EHV, resynchronisation is gradual. 

Decentralised stand-alone grids on the MV and LV level are gen-

erally not recommended. 

In the past, stand-alone grids of the size of a city have proven to 

be technically manageable. In Germany, especially the former grid 

of West Berlin can be highlighted as an example. It is to be noted, 

however, that feed-in in the case of the West Berlin grid was based 

mainly on quickly controllable conventional power plants.  
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Technical boundary conditions for decentralised stand-alone 

grid operation 

It must be ensured that a sufficient number of DECUs or storage 

systems are available for voltage stability and frequency control in 

the decentralised stand-alone grids. Not all existing plants are 

technically capable of participating in voltage and frequency con-

trol. The smaller the grid area of the stand-alone grid, the greater 

the necessary involvement of decentralised suppliers or storage 

systems for stand-alone grid control (see Chapter 2 and 3). 

Interaction with protection 

In stand-alone grid operation, there are different boundary condi-

tions with respect to the short circuit power that the protection sys-

tem must be designed for, in order for it to safely detect and react 

to faults while being in stand-alone grid operation mode. In reduc-

ing the short circuit power in stand-alone grid operation, more 

complex protection systems must be installed, for example differ-

ential protection systems. At the same time, the protection system 

may not overreact to highly volatile processes during restoration or 

stand-alone grid operation.  

Power gradients 

The geographic size of the stand-alone grid area that must be 

supplied has an impact on the load and supply behaviour of the 

grid area. The smaller the area that is to be operated as a stand-

alone grid, the lower the stochastic compensation effects of load 

and feed-in fluctuations, and the greater the occurring power gra-

dients [30]. The frequency control equipment of the stand-alone 

grid must be able to cope with the corresponding power gradients. 

Active load and feed-in management 

The suppliers of a stand-alone grid can consist of supply-

dependent RES to a significant proportion. In order to stay within 

the permissible frequency band during supply fluctuations, an ac-

tive load, storage system and feed-in management system must 

be introduced, otherwise a very coarsely graduated response to 

the loads by means of frequency-dependent load shedding would 

be the result. It would also lead to a simultaneous drop of suppli-

ers, which in turn would result in a reduction of the maximally cov-

erable load [49]. Relevant literature offers solutions, but they were 

designed for fault-free operation. [90] describes a coordination 

method based on decentralised marketplaces that utilises the de-
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grees of freedom of controllable loads and suppliers to reach a 

real-time, i.e. in the order of seconds, balance between load and 

suppliers at the lowest possible grid level. If this succeeds only in 

part, an attempt is made to gradually compensate for the residual 

power imbalance in the superordinate grid level. The compensa-

tion of power fluctuations takes place while keeping to grid re-

strictions, so that a higher utilisation of the existing grid structure 

can be achieved. 

Automated resynchronisation 

In order to keep the specific effort for stand-alone grid operation, 

given relatively small stand-alone grids, within reasonable limits 

(see topic of "Stand-alone grid size versus cost-benefit ratio"), au-

tomatic synchronisation devices are required for grid restoration 

[30]. As soon as several small grid areas merge to form a larger 

grid area, load and feed-in management must be adjusted accord-

ingly to exploit the synergistic effects resulting from the larger grid 

area. For this purpose, a communication infrastructure is required 

that is not currently common in the MV and LV levels. 

Stand-alone grid detection 

Decentralised suppliers must be able to distinguish between a de-

sired stand-alone grid operation and maintenance-related shut-

downs [26], [32]. Otherwise, maintenance work could result in de-

centralised suppliers accidentally impressing a voltage. The occu-

pational safety of the technical staff cannot be guaranteed in this 

case.  
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5.3.3 Decentralised concepts for black starts 

Where decentralised concepts for stand-alone grid formation are 

available (see previous section), an optional black start capability 

can also be implemented. This system would be designed to com-

plement black starts from within the transmission grid level to allow 

for a faster resupply of loads in fault situations. However, consid-

erable technical effort is expected, particularly with setting up the 

black start capability on the lower voltage levels. In addition, due to 

the rare need for black starts, no gain in efficiency by employing 

DECUs rather than centralised gas-fired power plants is expected. 

Required retrofitting in the HV level 

A black start in the HV level would be implemented by retrofitting 

existing gas turbines or large wind farms with the appropriate bat-

teries and emergency power systems. In addition, an adjustment 

of the wind turbines' converter programming is required to impress 

a voltage. Depending on the grid area, only a small number of 

black start capable suppliers are required. The additional effort to 

set up the black start capability is manageable given an existing 

stand-alone grid operation. 

Required retrofitting in the MV level 

In the MV level, black starts would be implemented especially via 

wind turbines, or locally connected ground-mounted solar power 

systems, and with storage systems where present. This is only 

possible in situations with sufficient wind or sunlight. A portion of 

the existing wind turbines must be equipped with batteries to allow 

for rotation of the nacelle or pitching of the rotor blades for black 

starts, and to provide exciting voltage for the rotor if not perma-

nently excited. In addition, these wind turbines require a repro-

gramming of their converters, analogous to the HV level. With 

these turbines, it would be possible to apply a voltage to the sur-

rounding grid area. The necessary share of black start capable 

plants is determined by the local grid topology. All other decentral-

ised suppliers must then be restarted after grid voltage returns. 

The load management system (see Stand-alone grids) must dis-

connect all loads from the grid in the event of a blackout, and 

gradually reconnect the suppliers along with a successive recon-

nection of loads. With a sole reliance on regenerative systems, a 

further failure of the grid due to low or no feed-in from RES is pos-

sible. Biomass and hydroelectric plants have the ability to store 
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power and are therefore suitable for controllable active power 

feed-in.  

Required retrofitting in the LV level 

In the LV level, mostly PV systems and loads are connected that 

cannot be separated circuitry-wise. Load and feed-in management 

should thus start with each individual household and supplier, in 

order to ensure a correct active power balance in advance. In addi-

tion to PV systems, storage systems would have to be installed in 

the LV level to prevent a new blackout due to a reduction in PV 

feed-in in the evening hours. 

Compensating currents when connecting DECUs 

After starting a supplier, high compensating currents can occur 

when switching to a de-energised grid area. For this reason, indi-

vidual simulations must be carried out in advance for review pur-

poses. Due to the high number of required black start capable de-

centralised suppliers, this is a considerable effort. For the future, it 

will be important to examine to what extent certain recurrent grid 

situations can be summarised and how characteristics for a rapid 

assessment of compensating currents after switching operations 

can be derived along with behaviour of the protective devices. 

5.4 Conclusion for grid restoration 

The generation mix of 2033 is expected to have a relatively high 

share of gas-fired power plants [4]. It is assumed that gas-turbines 

that can be rapidly started from hot standby mode will be part of 

this share. With these power plants and the PSPs, an emergency 

operation of the 380 kV grid is possible in order to resupply lower-

level voltage levels, thus including centralised feed-in in the grid 

restoration concept.  

Generally, there will be no insurmountable barriers to grid restora-

tion leading up to the year 2033. In order to consider a large num-

ber of RES in the future when restoring the grid, it is necessary to 

carry out slight throttling based on the weather situation to recon-

nect the plants, as to avoid uncontrollable frequency jumps during 

reconnection. In addition, further requirements for grid restoration 

with RES are the participation of these systems in frequency and 

voltage control, and in the provision of instantaneous reserve. 

Compared with today, a more elaborate coordination process be-
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tween TSOs and DSOs will be required, which must be imple-

mented soon by creating suitable interface definitions in the short 

term. Training for grid restoration must include the DSO in addition 

to the TSO. New methods are also soon required to estimate the 

condition of the decentralised suppliers at the time of reconnection. 

In addition, due to the constant changes to the number, capacity 

and location of the decentralised suppliers, a regular verification of 

black start capability is required taking into account the above-

mentioned boundary conditions. 

The introduction of grid restoration on the basis of decentralised 

stand-alone/micro-grids is not recommended due to the extreme 

technical complexity and the associated installation costs, as this 

approach would only be pursued in addition to conventional grid 

restoration. Since a black start is rarely carried out, the gain in effi-

ciency through the use of supply-dependent suppliers instead of 

gas-fired power plants is negligible. 

In conclusion, the main recommendations for action are summa-

rised in Table 5.1. The short-term recommendations for action are 

considered as necessary within the next ten years, and the long-

term recommendations as necessary until the end of the review 

period 2033. 

Table 5.1 Recommendations for action for future grid restoration 

 Recommended action Motivation 
Legal / technical / 

regulatory as-
pects 

Economic as-
pects 

S
ho

rt
-t

er
m

 

Improvement of cur-
rent state detection of 
RES 
 

Improvement of coop-
eration between TSO 
and DSO 

 

Prevention of insta-
bilities during grid 
restoration with de-
centralised suppliers

Creation of the 
necessary 
framework condi-
tions 
 

Interface defini-
tion between TSO 
and DSO re-
quired 

  

Lo
ng

-t
er

m
 

Participation of RES 
in frequency and volt-
age control as well as 
instantaneous reserve 

Supportive effect of 
RES required for 
grid restoration 

See chapters on 
frequency control 
and voltage sta-
bility

Micro-grids not 
economic 
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6 System control 

As part of system control, which is another ancillary service, the 

grid operators have to continuously monitor and control the grid 

and all connected loads and generation units to limit the impact of 

faults as well as to ensure operational safety during maintenance 

activities, conversions or new constructions. Tasks of the TSOs 

include the organisation of CR deployment for frequency control, 

the control of reactive power use for voltage stability in the trans-

mission grid, the introduction of congestion management 

measures in their grids, and grid restoration after faults [39]. To-

day, DSOs are responsible, amongst other things, for voltage sta-

bility and grid restoration of their grids, and are obliged to support 

the activities of the TSOs [38]. 

With the increasing integration of volatile RES, primarily at the dis-

tribution grid level, and the planned hybrid structure of the trans-

mission grid comprising alternating current and direct current, and 

the increasingly multi-regional exchange of energy in the European 

electricity market, the requirements to future system control are 

growing. Primarily, the complexity must be controlled - from a 

technical viewpoint, and under German as well as European mar-

ket conditions - that results from a large number of DECUs with 

their high total capacity and mostly uncertain supply-dependent 

generation, increasing DSM-capable controllable consumption and 

new storage technologies. This requires a further development of 

today's existing concepts, methods and analytical tools of system 

control [40]. The altered interaction between the distribution grids, 

in which the major part of the DECUs, loads, and future storage 

systems are connected, and the transmission system must be 

considered in particular. Beyond that, the transnational European 

dimension especially of congestion management is of great im-

portance in order to avoid market restrictions and to allow for a 

large-scale compensation of renewable energy systems. Other-

wise, the economic potential in the European electricity market and 

the potential of renewable energy systems would not be fully ex-

ploited, since throttling renewable energy suppliers due to conges-

tions would require a more expensive power plant deployment 

than in the uncongested case.  
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The following sections discuss the changing problem areas of sys-

tem control. 

Adapting operational concepts 

Due to the changing demands on system control an adaption of 

operational concepts, organisational responsibilities and opera-

tional tasks is required, in particular between grid levels, and re-

arranged where necessary. Although the assignment of responsi-

bilities for ancillary services to grid operators of given grid levels is 

unambiguous, e.g. TSOs for frequency regulation, or TSOs and 

DSOs for voltage stability in their respective grid levels, the mutual 

support and provision of ancillary services between grids of the 

same level, or lower-level grids, will increase. To manage this 

complexity, care should be taken to ensure that processes are 

distributed, but mutually coordinated [48]. This has to be consid-

ered for mechanisms between TSOs, but also between TSOs and 

DSOs. The use of central processes (e.g. optimisation of the over-

all system) can exploit additional potential of operational planning 

[49]. For online system control, distributed processes offer the ad-

vantages of shorter reaction times [50][51], more robustness re-

garding missing data, and a rapid adaptation to unforeseen grid 

conditions [51].    

In some areas, regional security service centres such as 

CORESO, TSC and SSC already act as service providers support-

ing coordinated operational planning processes [52][53]. This rais-

es the question as to whether the regional security centres pro-

posed in [26], which must carry out system control tasks in addition 

to the grid operators, should actually carry out tasks that might as 

well be distributed within the existing structure.  

Furthermore, it is important to analyse the extent to which large-

scale fault and grid restoration concepts must be adapted to new 

conditions (see Chapter 5). 

Further development of existing grid analysis functions 

Grid models and grid analysis programs are used to assess grid 

conditions in control systems to ensure the continuous monitoring 

of grid security and grid stability. Existing grid models must be ad-

vanced and expanded by newly planned system components in 

the EHV level, such as HVDC transmission, capacitor banks, 

FACTS devices and reactive power supply from the distribution 

grid, and in the HV and MV levels by DECUs, storage systems and 
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FACTS devices [42][40]. To check frequency and voltage stability 

during online operation, it may be necessary in the future to em-

ploy dynamic models of the grid (for example, controllability of grid 

components), and of generation, load and storage units [40][46]. 

Further details go beyond the scope of the present study and 

should be examined separately.   

In particular, an increase in the forecast accuracy of loads and 

renewable energy systems is useful and necessary in order to 

identify grid congestions and to evaluate redispatch measures at 

an early stage in the framework of load flow forecasts [40][53]. 

One goal here is to identify deviations from day-ahead forecast in 

time by means of short-term forecasts in the intraday range. 

Measurement data from reference plants are to be included as 

important additional information. 

Given closer knowledge of the uncertainties and with mutual corre-

lations, probabilistic calculations and risk analyses in the opera-

tional planning process can help assess the robustness of the ad-

missibility of a certain grid state and the impact of uncertainties on 

grid security [45]. 

Coordination between grid operation and feed-in 

With an increasing grid load on all levels, measures for intervening 

in feed-in, DECUs, storage systems and possibly also loads are 

required to stabilise the grid and resolve congestions [43][47][52]. 

Due to the disentanglement of generation, loads and grids, grid 

operators can intervene only indirectly via special redispatch prod-

ucts or market interventions in accordance with § 13 of the Energy 

Industry Act (EnWG). In addition to interventions in the conven-

tional generation mix via redispatch measures, interventions in 

renewable energy systems are also provided for. Load interven-

tions in accordance with § 14a EnWG represent a new way to sta-

bilise the operation of the grid. These measures are now largely 

regarded as emergency measures for exceptional circumstances 

and do not relieve the grid operator from its duty to expand the grid 

in a way that would make these measures obsolete in the long 

term.  

It turns out, however, that feed-in peaks, as rarely caused by RES, 

entail extensive grid expansion measures [2]. In the future, there-

fore, this will raise the question as to whether time-limited interven-

tion options which are economically sensible must be regularly 
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admissible in order to reduce the demand for grid expansion [43]. 

These measures would have to be established as "normal pro-

cesses" by appropriate amendments to the legal and regulatory 

framework. 

Overall, intervention options must be integrated into system control 

so that stabilisation measures via feed-in and load interventions 

during overload and fault situations can take place quickly, without 

discrimination and in a technically and economically efficient way. 

Active grid control in the transmission grid 

In addition to intervention on the feed-in and load sides, additional 

control options are being introduced into the grids. In the integrat-

ed European grid, phase angle regulating transformers are used to 

shift load flows. In addition, HVDC transmission lines with a con-

trollable active power transmission and reactive power provision, 

as well as controlled reactive power sources for voltage control 

that is independent of power plants are set up. All these controlla-

ble elements, some of which operate in the grid by means of pow-

er electronics (FACTS devices), must be coordinated [52]. De-

pending on the impact of balancing interventions across balancing 

zones, this coordination should not only be automated in opera-

tional planning, but also in short-term intervals during operation, 

especially after system changes or faults. The benefits can be op-

timised if the automated control options are already considered in 

operational planning and grid security calculations [44][54]. Given 

an increasingly automated active grid control, it is of particular im-

portance to determine the dynamic system behaviour in fault cas-

es, including component protection and system protection con-

cepts (Dynamic Security Assessment, DSA; Special Protection 

Schemes, SPS) [46].  

In particular fast grid controls are able to respond differently to 

different grid situations. Appropriate automated mechanisms and 

modes of action must be designed and are a topic of current re-

search [51][55]. Especially the robustness of measures and con-

troller interventions across balancing zones and national borders 

must be guaranteed to avoid human error that could put the sys-

tem at risk [48]. With the increasing number of cross regulators, 

and no later than with the integration of HVDC transmission, these 

automated coordination mechanisms are necessary.   
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Monitoring of the distribution grid 

Due to the increasing number of DECUs and storage systems 

mainly connected to the distribution grids, demand for ICT to man-

age these grids increases. Grid state detection is required to iden-

tify critical situations, which is currently hindered by an inadequate 

coverage of the distribution grids by measurement technology. 

Therefore, it must be analysed whether a comprehensive meas-

urement infrastructure in the MV and LV grid must be established 

to gather information on operating resource loads, suppliers, loads 

and voltage conditions, thus being able to detect bottlenecks and 

limit violations [29]. It must be examined to what extent and to 

which degree such an infrastructure is a prerequisite for the provi-

sion of ancillary services, particularly for voltage and frequency 

control (Chapter 3 and Chapter 2), and where applicable also for 

black starts, stand-alone grid operation and grid restoration (Chap-

ter 5) in connection with the distribution grid. 

Inclusion of the distribution grid in active grid control 

On the basis of comprehensive monitoring in the distribution grid, it 

must be investigated whether and to what extent the HV, MV and 

LV grids are to be included in active grid control in the sense of 

providing ancillary services or for redispatch. By controlling varia-

ble transformers, power electronic grid controllers and compensa-

tion equipment (FACTS devices) and by providing control infor-

mation for storage systems, controllable loads and suppliers, criti-

cal system states are mitigated or eliminated in the distribution grid 

levels and in the transmission grid.  

In this context, the interface between the smart grid and smart 

market mechanisms must be taken into account [78]. The mecha-

nisms of data and control access to customer facilities such as 

DECUs, storage systems and loads must be clearly defined for 

grid control purposes. Legal and regulatory amendments are re-

quired depending on how far such interventions go beyond the 

current regulatory requirements for interventions by grid operators 

in fault situations. 

Data and information exchange between grid operators 

To carry out system control tasks that will become more compli-

cated in the future, it is necessary to expand on and standardise 

the data and information exchange between grid operators. In ad-

dition to the vertical exchange between TSOs and DSOs, and low-
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er and higher-level DSOs, an increased horizontal exchange be-

tween neighbouring TSOs must take place to ensure grid security 

even across regions. Cooperation of European TSOs is essential 

and is already being improved by an increasingly large-scale ex-

change of system data and measurement values between the cen-

tral control rooms [53]. 

In addition, a Europe-wide real-time information system (Aware-

ness System [79]) was constructed, which offers an overview of 

the current system state of the entire European grid area. This 

type of information provision does not necessarily imply a central 

decision-making body or central responsibility, but only that appro-

priate higher-level system information is provided in real-time [48]. 

It is necessary to examine which further technical and organisa-

tional measures must be implemented for extensive data and in-

formation exchange between the grid operators of one grid level, 

and between grid levels. 

Information and communications infrastructure 

The technical measures for a vertical exchange of information be-

tween TSOs and DSOs, and for a horizontal exchange between 

TSOs, includes an appropriate ICT infrastructure. Specific ICT 

solutions such as found in the control systems of the TSOs and in 

the HV level of the DSOs meet the requirements to safety and reli-

ability. Cost-effective standard solutions must be designed for ICT 

solutions reaching into the areas of the DSOs and customer facili-

ties such as DECUs and storage systems. To what extent they can 

be derived from standard ICT and automation technology must first 

be examined. Dependencies between critical infrastructures such 

as energy supply and ICT systems are always to be considered 

and checked. Security of data and information are relevant aspects 

that must be assessed as well. 

Impact on the protection technology 

The distributed integration of DECUs and storage systems inevita-

bly also affects the configuration of the protection technology of the 

grids. The conventional vertical load flow structure (top-down) has 

already often been replaced by a direction-variable structure. Ac-

cordingly, adjustments to direction-dependent protection relays, as 

they are often used in distribution grids, are necessary. Further-

more, volatility of the available short circuit power it is to be ex-

pected, which also has implications for the reliability of the excita-
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tion of protection relays (see Chapter 4). In addition, the probability 

of operating resource overloads increases due to the higher de-

mand for the transmission of electric power, which is caused by 

the often increased distance between load and generation.  

The higher load on operating resources and the increasing 

transmission distance between feed-in and consumption increases 

the risk of cascading failures. The more frequent necessary 

interventions on the part of grid management [27] also increase 

the likelihood of unfavourable manual interventions and of the 

resulting unforeseeable disturbances. For this reason, system 

protection concepts are required that detect overloads at an early 

stage and correct them automatically or assist the grid operators in 

doing so. Progress in the field of wide-area measurement 

technology and communication allow for the use of wide-area 

monitoring, control and protection applications, taking into account 

delays in data transmission and data loss [28].  

It must be examined in detail to what extent the provision of ancil-

lary services by DECUs or storage systems has an effect on com-

ponent and system protection in electrical grids, and to what extent 

these ancillary services must be integrated into a coordinated sys-

tem protection concept to maintain or improve system stability.  

Earthing concepts or neutral point treatments are related to the 

issue of protection concepts. Decentralised suppliers and their 

behaviour in the grid, as well as systems for reactive power com-

pensation, make it increasingly difficult to operate compensated 

grids. The phase-symmetrising properties of power electronics 

components in DECUs or storage systems, or FACTS devices 

used for compensation and grid control, require customised pro-

tection concepts. 

6.1 Research questions 

The demands on future system control are rising due to the enor-

mous structural changes in the entire energy supply system. The 

individual problem areas were identified during the preliminary 

analysis. The following research questions are derived from this 

analysis: 

 What would a system architecture from the perspective of 

the system control of individual grid levels look like that in-
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tegrates ancillary services provided by DECUs or storage 

systems taking into account the communication and meas-

urement infrastructure and the sequence of operations? 

How do prequalification, activation and offered products for 

ancillary service provision change in this context? 

 To what extent do organisational responsibilities and op-

erational functions have to be reorganised between grid 

levels? Do new facilities/organisational units have to be 

created that take over (cross-) regional system control? 

 Do dynamic models of grids and of generation, load and 

storage units have to be used in future control systems in 

order to monitor the frequency and voltage stability during 

online operation, and to allow for offline dynamic security 

analyses of fault situations, including the characteristics of 

protection systems? 

 How must intervention options be integrated into system 

control, so that stabilisation measures via feed-in and load 

interventions during overload and fault situations can take 

place quickly, without discrimination and in a technically 

and economically efficient way? What is the nature of the 

interaction and the interface between smart grid and smart 

market mechanisms? 

 Is a comprehensive measurement infrastructure in the MV 

and LV grids required for the provision of ancillary services 

from the distribution grid, and which ICT technologies are 

suitable? Which distribution grid levels are to be involved in 

active grid control?  

 Which technical and organisational measures for an exten-

sive vertical and horizontal data and information exchange 

need to be implemented? 

 What impact does the provision of ancillary services by 

DECUs and storage systems have on component and sys-

tem protection, and earthing concepts in electrical grids? 

 To what extent must DECUs and storage systems be inte-

grated into a coordinated system protection concept? 

6.2 Evaluation of current literature and studies 

As of today after the liberalisation of the energy market, system 

operators normally do control loads and generation, but intervene 

indirectly via grid-related or market-related measures in accord-

ance with § 13 (1) of the Energy Industry Act. Recently, load inter-
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ventions in LV grids have become permissible in accordance with 

§ 14 EnWG. As determined by today's body of regulations, 

TSO/DSO interventions are limited to situations that pose a risk to 

system security and must never serve economic or technical sys-

tem optimisation purposes. For future ancillary services, the inter-

play between grid, loads, suppliers and storage systems will be-

come more important to normal operation as well. 

In the course of this study, smart grids and smart markets are dis-

tinguished as per [78]. Technologies used in the grid can be con-

sidered as belonging to smart grids, and the leverage of feed-in 

and load shifting flexibility options for the balancing of RES as be-

longing to the area of smart markets. The utilisation of market ac-

tors such as DECUs, storage systems and loads for the provision 

of ancillary services, including grid relief, stands between smart 

grids and smart markets and links the two areas.  

Acatech summarise their recommendations for future grids in [80]. 

Here, smart grids are primarily for the control of DECUs, storage 

systems and loads for the compensation of fluctuations of renewa-

ble energy systems, since the provision of reserve capacity is con-

sidered the primary unsolved problem. Thus, the mechanisms de-

scribed here largely correspond to those used to provide flexibility 

options and ancillary services from the distribution grids. The fol-

lowing is stated: "A successful energy transition requires that the 

operators of electrical distribution grids play an active, creative and 

innovative role in the introduction of the smart grid." The necessary 

ICT-related aspects through to data protection and information 

security are mentioned. Acatech's view shows that smart market 

and smart grid applications are merging, and will be closely linked 

in the future. 

Further details on future ICT can be found in [81]. For the system 

architecture, a closed system level, an ICT infrastructure level and 

an open system level are defined. The closed system level corre-

sponds to the classical central energy supply, including the con-

ventional control system. The open system level with DECUs, 

storage systems and customers, i.e. smart market actors, are 

linked via the ICT level and interact through this level with the con-

trol system. This ICT level serves smart market and smart grid 

applications and is the core of future developments. The study [82] 

includes many details on the development paths of this necessary 
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ICT infrastructure. The developments of control systems, grid au-

tomation and grid controls that will determine future system control 

are outlined. Overall, it is evident that development is not charac-

terised by a universal control system architecture down to the low-

er distribution grid levels, but that standardised ICT solutions ena-

ble the smart market functions regardless of the conventional con-

trol system. 

The BDEW roadmap [83] specifies how the infrastructure should 

develop with respect to sensor technology, smart metering sys-

tems, grid automation and the energy information grid. In particu-

lar, an energy information system between the market and the grid 

is required with the end customer as a shared infrastructure. The 

interface between smart grids and smart markets is again required 

in order for the system control of the grid to provide ancillary ser-

vices together with smart market actors, or to purchase these ser-

vices from them. Since this interface lies almost exclusively within 

the distribution grid, the DSO has the responsibility for coordina-

tion, activation or application. Again, it is clear that the specifica-

tions for the energy information system must be based on standard 

ICT solutions in order to find cost-effective and large-scale applica-

tion.  

The traffic light model outlined in the roadmap assumes that future 

grids will not be designed for any rare condition possible, but that 

grid operators regularly have the option to intervene in the market 

area (smart market), thus helping reduce grid investments while 

maintaining operational security. During the "amber light phase", 

interventions are implemented through market incentives, and dur-

ing the "red light phase" by immediate emergency measures. The 

implementation of these mechanisms requires clear rules and 

must be largely automated. The system control of distribution grids 

will change fundamentally as a result.  

Based on the ICT in this environment, the Fraunhofer ESK [84] 

study confirms a medium to high availability, Internet/IP technolo-

gies and client-server architectures as the technological founda-

tion. This points to a clear trend towards standard IC technologies.  

General trends were already identified in 2010 by the DKE stand-

ardisation roadmap [85], in which the fields of action were speci-

fied, followed by a closer look at communication down to the 

household level and electromobility. It is made clear that the ICT 
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must range from the grid to the end customer, in order to achieve 

the future goals of the overall system.  

In addition to the points just mentioned, the current VDE study [26] 

states: "With the formation of self-balancing and ancillary service-

generating smart supply cells, the cellular approach is suitable to 

reduce the complexity of system control." Partitioning the energy 

supply system into individually balanced cells would dramatically 

change system control. This would open the opportunity to retrieve 

ancillary services for the grid from specific areas, and to avoid grid 

restrictions in certain areas. This balanced organisation must not 

be confused with self-sufficient cells, however, since this would 

require more extensive control mechanisms to stabilise the indi-

vidual cells. The potential for renewable energy supply is also spa-

tially distributed in a way that there are always cells with a balance 

excess and deficit, so large-scale exchanges between the cells are 

required. Possibly, the cells can locally compensate for a certain 

level of volatility, so a more even and predictable behaviour would 

result vis-à-vis the higher-level grid levels, thereby facilitating the 

operation of the higher grid levels.  

In the area of coordinated system control between TSOs in conti-

nent-wide integrated systems, there have been two EU projects 

with conflicting approaches. The ICOEUR (www.icoeur.eu) project 

explored distributed state monitoring concepts in the steady-state 

dynamic area, and system protection and power control methods 

[48]. In contrast, the PEGASE (www.fp7-pegase.eu) project ex-

plored new methods for state monitoring and operational planning 

of transcontinental grids, with predominantly central approaches 

being investigated. As a result of the projects, it is shown that an 

increased exchange of information between TSOs is essential, 

however, distributed approaches and responsibilities are still pos-

sible and lead to similarly good results as with central approaches 

if a sufficient amount of clearly defined information is exchanged 

between the balancing zones.  

In summary, it can be assumed that according to the evaluated 

literature, expanded smart market mechanisms, i.e. targeted inter-

ventions in DECUs, storage systems and loads, can be used to 

provide and activate ancillary services down to the distribution grid 

level in the future via standardised ICT. In addition, market inter-

ventions and redispatch will also be accepted to a certain extent to 
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design grids more efficiently. To this end, grid monitoring and con-

trollability are increasing on all grid levels to ensure system securi-

ty even in a grid infrastructure with lower reserves.  

6.3 Own research 

Based on the analysis of the relevant literature and according to 

the experience gained from our own studies and projects, future 

system control, as shown below, can be outlined. 

6.3.1 System control and ancillary services in and 

from the distribution grid  

Starting at the lowest level, there are DECUs, controllable loads 

and future storage systems acting in the market (smart market), 

and they are subject to ICT-based management supplemented by 

billing functions (smart metering). The ICT architecture used here 

is based on standard mechanisms of the ICT sector such as the 

Internet or cloud technologies to achieve cost-effective solutions. 

The DSO accesses existing data in these systems, determines 

grid states with that data and creates and provides control signals 

for the activation of ancillary services by the active components. 

The DSO may even be a service provider for the operation of this 

data exchange platform, or possibly act as a service provider sup-

porting the provision of these ancillary services.  

In particular with activation from distributed systems of the MV and 

LV level, it must be assumed that only a limited reaction probability 

is given, since it is not possible for all systems or grid customers to 

be contacted or to respond due to the simplified ICT. This means 

that the probability of activation must be considered in the meth-

odology of the ancillary services, since it cannot be expected that 

all potentially addressable grid customers will react to control sig-

nals.  

For future system control, the grid state at the lower distribution 

grid levels is estimated using various data. One part of that data is 

the above-mentioned system data that is linked together with other 

information such as plant master data, weather data, etc., but also 

individual measured values, to form overall information on the 

grid's state. Given a limit violation risk that is detected early 

enough, market-based incentive signals are sent to the customers 
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to change their behaviour in a targeted manner (see "amber light 

phase", BDEW roadmap [83]). The incentive signals mean that 

remuneration for the grid-induced up- or downregulation of cus-

tomer facilities (DECUs, load, storage systems) is offered. Since 

these mechanisms are subject to certain market cycles and times, 

preventive action is required, or at least the preventive provision of 

required flexibility options must be agreed upon.  

Given acute limit violations (see "red light phase"), control signals 

are mandatory in order to up- or downregulate plants in individual 

grid areas. Due to the diversification of the distribution grids, this 

mechanism must be automatic, and take place in a coordinated 

manner for the respective grid areas. Logics and intervention 

mechanisms must be defined preventively to then be activated to 

correct limit violations.  

Figure 6.1 outlines the contexts of future coordination between grid 

and decentralised systems such as DECUs, storage systems and 

loads.    

  

Figure 6.1 Draft of the coordination between decentralised plants and the grid 
for the provision of ancillary services 

Such mechanisms are currently in the research and development 

phase, and will be implemented by way of example in individual 

projects. The exact design of the ICT infrastructure is not yet de-

cided, which is a hindrance to the further spread of these mecha-

nisms.  
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The described ICT access paths and mechanisms are a prerequi-

site for the provision of ancillary services for frequency and voltage 

stability from lower grid levels as described in the previous chap-

ters, but also for grid restoration as described later. Due to limited 

reaction times, only voltage and reactive power target values, and 

the activation of MR can be transmitted. Today's requirements for 

the SBP would require faster response times than can be guaran-

teed by such an ICT system today. To what extent this is reliably 

possible in the future depends on the further technological devel-

opment.  

When activating ancillary services for voltage and frequency con-

trol, probabilistic behaviour as described above is expected, and 

respective default settings, for example of voltage target values, 

should be provided in case of ICT pathway failures.  

Faster mechanisms such as the provision of primary control re-

serve and instantaneous reserve must be provided and imple-

mented in a decentralised manner in the plants regardless of the 

described concept. 

Based on knowledge of the estimated system state of the LV and 

MV grids, the DSO can predict the behaviour and forecast the abil-

ity to provide ancillary services in these grids. Information on low-

er-level control potentials and any limit violations during operation 

are processed in the HV level control systems of the distribution 

grid. The DSO coordinates the control potential for the provision of 

ancillary services taking into account the grid state for its own grid 

area and vis-à-vis the TSO. From the perspective of the TSO, a 

state defined within certain limits and a potential for the provision 

of ancillary services can be achieved in a transfer point to the dis-

tribution grid. 

It must be noted that the specification of ICT systems for smart 

market mechanisms must take the conditions for coordination with 

system control and the provision of ancillary services into account. 

Ultimately, it is only efficient to implement a shared ICT system for 

the control of DECUs, storage systems and loads that meets the 

shared requirements for smart market mechanisms and for the 

provision of ancillary services. It can be assumed that such sys-

tems will be developed and standardised over the coming years, 

and that they will be available for the provision of ancillary services 

by 2033. The connection of larger DECUs such as wind farms or 
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solar power plants can take place via conventional control sys-

tems. To connect smaller plants distributed in a given area, how-

ever, the mechanisms described are necessary to exploit their 

potential for the provision of ancillary services. 

The role of DSOs in this context may be that of service providers 

for the aggregation of data and information, or the operation of a 

data hub that then comprises the interface to the TSO.  

6.3.2 System control with probabilistic grid 

expansion planning 

The described system control mechanisms in the sense of the traf-

fic light model assume that, to a certain degree, grid restrictions 

also occur during normal operation. It is therefore assumed that 

not all DECU feed-in and (controllable) load and storage situations 

can be covered without grid restrictions. For certain - especially 

unlikely - power flow situations, the occurrence of grid restrictions 

can be tolerated provided response options exist for these situa-

tions. This approach is relevant for grid expansion planning, opera-

tional planning and system control. In terms of grid expansion, for 

example, grid expansion costs can be reduced if intervention in 

generation and load is permissible for the rare (n-1) cases. A na-

tional economic optimum must be found between grid expansion 

and market interventions. Analogously, power flow situations can 

be permitted in operational planning that would temporarily result 

in grid restrictions if an improbable state of the system occurs, pro-

vided that there are sufficient fast response options available. This 

allows for cost-effective generation configurations or configurations 

with a higher share of RES, for example [44]. In this context, it is 

important that the described control mechanisms of system control 

are available in a timely manner and in sufficient quantities to sta-

bilise critical grid conditions. It must therefore be ensured during 

operational planning, and afterwards continuously and preventive-

ly, that these measures can be activated reliably and that they are 

available to ensure a reliable operation of the grids. This type of 

grid planning design and a correspondingly adapted grid operation 

must be carefully matched; only combined do they lead to the de-

sired grid optimisation along with the simultaneous operational 

security.   
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In considering such intervention or redispatch mechanisms, grid 

levels must be clearly distinguished. While the grids are not (n-1)-

secure in the MV and LV levels regarding DECU feed-in, 

measures such as downregulating DECUs must be taken during 

grid faults either way to secure operation. The optimised grid de-

sign in accordance with the occurrence probabilities of critical 

states would only expand on these mechanisms, but not funda-

mentally change them. However, more DECUs could then be con-

nected to existing grids.  

Even in the HV level, grids that experience extensive expansion by 

means of DECUs [2] are partly not operated in an (n-1)-secure 

manner in terms of DECU feed-in. Rare (n-1) cases in which rare 

and extreme weather conditions cause major load peaks do auto-

matically entail grid expansion if system control disposes of appro-

priate intervention mechanisms to stabilise the grid in these very 

rare extreme situations. The grid situation of all (n-1) cases must 

be automatically analysed from the perspective of the system con-

trol of a 110 kV grid group, so that the optimal up- and downregu-

lation of feed-in can be preventively calculated for each (n-1) case. 

If such an (n-1) case occurs, it is possible to specifically intervene 

in lower-level feed-in via the described mechanism. Owing to the 

fact that there are mostly thermal restrictions in the 110 kV level, 

relatively long periods of tens of seconds to several minutes may 

pass until countermeasures are taken. Accordingly, the reaction of 

the protection systems must be adapted to avoid sequential trip-

ping. Under certain circumstances, such an intervention in feed-in 

triggers a control reserve activation, which the affected grid area 

cannot offer at the same time. Such measures are established 

manually in system control due to the extensive addition of DECUs 

in some of today's HV grids. Table 6.1 schematically summarises 

this mechanism.  
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Table 6.1 Mechanism for preventive / corrective avoidance of grid overloads 

Cases Preventively plan measures Activate measures 

n-0   

 

1. (n-1) 
case 

 

Optimise and preventively reserve 
measures for each case: 

- RES throttling 

- Redispatch 

- Power flow control 

 

activate preventively 

                 or 

correctively, activate fast 
enough upon fault/overload 

2. (n-1) 
case 
... 
 

 

n-2 
 

Reserve leeway for emergency 

 

The tasks in the coming years are the implementation of automat-

ed calculation mechanisms in the control rooms as well as the de-

termination of the economic optimum between grid expansion and 

market interventions as a basis for planning. For the latter, howev-

er, the legal and regulatory framework needs to be adapted. 

During congestions in the transmission grids, distribution grids can 

be used to a certain extent for redispatch measures. A sufficient 

degree of balancing flexibility must be ensured preventively, and 

the (n-1) security of the transmission grid must be guaranteed at 

all times.  

However, the latest Network Code on Operational Security of the 

ENTSO-E [152] goes even further and defines the following in 

chapter 12, article 12, paragraph 5: "In the (n-1)-Situation in Nor-

mal State each TSO shall keep power flows within the Transitory 

Admissible Overloads, preparing and executing Remedial Actions 

including Redispatching, to be applied within the time allowed for 

Transitory Admissible Overloads". What this means is that correc-

tive actions such as power flow control and redispatch measures 

may be taken for individual (n-1) cases if they comply with the 

thermal overload characteristics of the lines [44]. During their im-

plementation, however, it must be ensured that the measures are 

preventively defined and sufficient, that activation is fast enough 

and reliable, and that protection systems are not triggered.  

Under these conditions, possible rare overload situations can be 

mitigated, so that a lower degree of grid extension or a more fa-
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vourable feed-in situation may be tolerated in operational planning. 

Here, however, one must also consider that further interventions 

for other critical and unexpected grid situations should also be 

made available to remain capable of operational action. 

6.3.3 Vertical coordination between DSO and TSO 

The defined responsibilities must be considered for the individual 

modes of ancillary service provision. Grid operators are initially 

responsible for voltage-reactive power control in their respective 

areas. For example, the ancillary service of voltage stability must 

first be provided in the distribution grid and for the distribution grid 

itself. A further coordinated provision of reactive power can only be 

achieved in excess of reactive power neutrality vis-à-vis the trans-

mission grid. Sufficient short circuit power must be available in 

each grid area, which is the responsibility of the grid operator. The 

responsibility for frequency control lies solely with the TSO. This 

means that although the DSO coordinates provision in its grid area 

and ensures that grid overloads are avoided with suitable prequali-

fication measures, activation itself is initiated by the TSO and lies 

with the TSO. The TSO coordinates the overall process of grid 

restoration, the DSO however is responsible for its own area. 

Viewing the future system control from the perspective of the 

transmission grid level, it becomes clear that several mechanisms 

for the activation of ancillary services from the distribution grid lev-

el must be designed. The activation of ancillary services must be 

coordinated such that the most economically advantageous mode 

of provision is prioritised. Naturally, the provision of reactive power 

must be locally adapted. Given CR activation with a simultaneous 

congestion of the transmission grid, regional activation might be 

necessary as well. 

Specifically, the following aspects can be noted for each ancillary 

service: 

 For voltage stability, cross-grid level coordinated concepts for 

DECUs and storage systems for reactive power provision and 

other voltage regulators, e.g. step-up and –down transformers, 

must be designed that access larger systems by means of 

control technology, and smaller systems by means of the de-

scribed ICT mechanisms. Coordination lies with the DSO, who 

first balances his own grid and then provides reactive power to 
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the TSO as an ancillary service, in compliance with the distri-

bution grid limits.  

 The provision of instantaneous reserve and primary control 

reserve must be automated and is done by the systems them-

selves. The DSO must consider this simultaneity in grid and 

operational planning and possibly restrict or prohibit the provi-

sion option during prequalification. 

 MR can be provided by the described ICT mechanisms. 

Whether the DSO organises the activation or coordinates it 

with the grid, or whether or not new actors such as aggrega-

tors come into play, must be determined for the future. 

 This also applies to SBP, but the prequalification requirements 

need to be adjusted. As part of the prequalification, the DSO 

respects activation restrictions. Activation is carried out by the 

controller of the TSO. Whether future ICT systems will meet 

requirements throughout the country remains to be examined. 

 The DSO is responsible for grid restoration in the distribution 

grid. Using the described mechanisms, the DSO must initially 

ensure that the DECUs, storage systems and loads exhibit de-

terministic behaviour during grid restoration, i.e. that the vola-

tility of renewable energy systems does not hinder restoration. 

  

Redispatch measures will be increasingly required for the opera-

tion of marginally or probabilistically designed grids. The demand 

for redispatch measures is to be preventively determined for oper-

ationally occurring situations, and must be used for compliance 

with the (n-1) criterion.  

In order to use this mechanism, computation and activation mech-

anisms must be available in the control rooms of the respective 

grid levels that calculate the optimal type and scope of measures 

and activate them at least partially automatically. Knowledge of 

available and usable redispatch potentials is important in this con-

text. Redispatch options must be directly taken into account in grid 

and operational planning, so that they are available during critical 

grid situations. With a reduced number of conventional power 

plants, the redispatch options include in particular the throttling of 

renewable energy systems and counteraction by other DECUs, 

storage systems and load controllers. It is apparent that this ancil-

lary service must be provided more frequently from out of the dis-

tribution grids.  
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Conventional redispatch measures are increasingly being preven-

tively coordinated in operational planning. Even large wind farms 

or solar power plants can be considered directly or via the distribu-

tion grids if the reduction potentials have been exhausted in con-

ventional suppliers. However, the consideration of further smaller 

plants in the distribution grids depends on the implementation of 

the described ICT infrastructure, so that the activation can be real-

ised via efficient and automated mechanisms by, or with the partic-

ipation of, the respective grid operator. Except for prequalified 

plants serving the provision of frequency control reserve, the acti-

vation of ancillary services must always take place via the relevant 

grid operator so he can fulfil his responsibilities.   

6.3.4 Models in system control 

Important aspects of future system control are the model assump-

tions of the methods employed. Temporal trends play an important 

role, which means that demand and reservation of CR fluctuate 

during the course of a day, as examined in Chapter 2. Operational 

planning and operation must be adapted to appropriately reflect 

the fact that the volatility of RES can be suitably forecasted. Prob-

abilistic considerations must take scatter bands into account for 

the planning process to ensure both sufficient room for manoeuvre 

and available reserve for stability limits. The implementation of 

such methods is taking place successively.  

Moreover, operational planning considerations must reflect dynam-

ic models and temporal changes such as gradients and grid con-

troller responses. The employment of such models in operational 

grid management has not yet reached the state of the art, and still 

requires some research and development work. 

Another temporal aspect is that thermal limits of assets do not rep-

resent rigid performance limits, but may be subject to large fluctua-

tions over time. Thus, the maximum line load is determined by 

conductor temperature monitoring as a function of the ambient 

temperature, wind speed and solar irradiation. The consideration 

of thermal behaviour and conductor monitoring are already imple-

mented in many places and help increase operational flexibility. In 

fault situations, this technology can help identify the remaining time 

for stabilising actions that allow for a coordination across multiple 

grid levels [52]. In addition, the coordinated and robust activation 
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of reactive power via cascades of controlled lower-level suppliers, 

as discussed in Chapter 3, must be carefully designed in terms of 

control engineering. There is a need for research of suitable mod-

els and control concepts.  

6.3.5 Horizontal coordination in the grid 

The horizontal coordination between TSOs in Europe is necessary 

because of transnational market mechanisms and the expansion 

of RES in a growing number of regions. For an optimal utilisation 

of the grid infrastructure, power flow controls are employed by 

phase shifting transformers, or in the future by power electronic 

grid controllers (FACTS devices). HVDC transmissions also repre-

sent flow-controlling elements that will be introduced into the inte-

grated European grid in the coming years. Due to these technolo-

gies, large-scale power flow changes will result that need to be 

coordinated across balancing zones. An exchange of operational 

grid data via ENTSO-E mechanisms is sufficient for today's pre-

ventive operational planning of controller settings. In the future, 

this planning must also comprise probabilistic and dynamic con-

siderations, as described in the previous section, to take account 

of the volatility of generation.  

If the controllers are supposed to reactively respond to unexpected 

grid situations, there needs to be a fast coordination across na-

tional borders. Today, adjustments are realised through consulta-

tions over the phone, and through manual interventions. The ad-

vantages of quickly responding components can only come to frui-

tion if action mechanisms are preventively defined and agreed 

upon across balancing zones. Approaches to distributed optimal 

balancing and coordination strategies for a large-scale power flow 

control are still in their research stages [51][55][56].  

To obtain shared information on large-scale grid situations in real 

time and to use this information to implement system protection 

mechanisms, wide area measurement systems (WAMS) are suita-

ble to provide time-synchronised measurements in real time to the 

TSOs. This can be used to derive the dynamic system behaviour 

and identify fault events. Based on this, the system stabilisation 

measures between the TSOs need to be designed so that the sys-

tem protection mechanisms as far as possible automatically take 

effect in fault situations. WAMS are already employed worldwide 
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[57]. The wide area control and system protection mechanisms 

based on this need to be carefully designed on a case by case 

basis. To ensure an efficient use of large-scale power flow control-

lers, including HVDC lines, a higher-level coordination especially in 

fault situations is essential. The development of mechanisms re-

quired for this must be expedited.  

With a reduced number of power plants, the oscillation and damp-

ing characteristics of the integrated European grid can change. 

Based on WAMS, wide area damping controllers for HVDC trans-

missions and FACTS can be designed to attenuate large-scale 

oscillations between grid areas (so-called inter-area oscillations). 

To what extent and when this will be necessary in the integrated 

European grid system must be investigated.  

6.3.6 Legal and regulatory demand for adaptation 

With the liberalisation and unbundling of market and grid, the op-

tion was removed to optimise the entire energy supply system from 

one source in terms of technology and cost-efficiency. For the pro-

vision of ancillary services, it is necessary to allow grid operators 

to intervene in active systems on the market (DECUs, storage sys-

tems and loads). Future smart market mechanisms must be coor-

dinated with the smart grid. Essentially, two main aspects have to 

be considered, with one allowing the introduction of ancillary ser-

vices and the other leading to an efficient grid expansion. 

When implementing smart market mechanisms and the associated 

design and development of ICT systems, they must be defined and 

standardised in such a way that the provision of ancillary services 

is enabled, and the DSOs have intervention options for the market 

and for grid users via a shared ICT system or a common data ex-

change platform. While the ancillary services must be designed as 

products and services, rapid interventions must be clearly defined 

for fault situations. The interface between smart grid and smart 

market including the ICT infrastructure must be established as 

quickly as possible by the government and through regulation, as 

this is what allows for the provision of ancillary services.  

The second relevant aspect is the economic optimisation between 

grid expansion, permitted feed-in configurations and operational 

interventions. RES lead to rare and extreme grid situations, for 

which grid expansion might be inefficient. Planning criteria allowing 
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for a reduced grid expansion and a simultaneous intervention in 

the market and throttling of renewable energy systems are to be 

designed and established by corresponding regulations. The em-

ployment of such intervention options must be approved by the 

government and by regulation, and must be accordingly imple-

mented in system control. 

6.4 Conclusion for system control 

The previous description of future system control is certainly not 

exhaustive. It would be possible to discuss and explore many fur-

ther aspects in greater detail. However, the present study serves 

to present the essential aspects for the future development of sys-

tem control. System control as an ancillary service has, amongst 

others, the task of coordinating and activating other ancillary ser-

vices. Overall coordination and system responsibility remains with 

the TSOs. The distribution grids are facing new tasks with ancillary 

services in conjunction with DECUs, storage systems and load 

management that must be managed both for their own grids as 

well as for the TSOs. Joint working groups of TSOs and DSOs 

have already been founded to investigate the changed tasks and 

the associated interfaces.   

In addition to these aspects, system control will also change due to 

an economically optimised and therefore more marginal grid ex-

pansion. This requires additional methods in system control or in 

the control centres for a coordinated, optimised and increasingly 

automated access to suppliers, storage systems and loads.      

In summary, and as a preliminary conclusion, it can be stated that 

power system management for system control will split into a con-

ventional control system architecture and an associated standard 

ICT-based architecture for the control of smaller DECUs, storage 

systems and widespread loads for smart market mechanisms. This 

ICT architecture simultaneously provides functions for the provi-

sion of ancillary services, but the reliability and the deterministic 

behaviour of conventional control systems must and should not be 

achieved. Standardisations and regulatory definitions must be es-

tablished for the ICT architecture for ancillary service provision 

together with smart market mechanisms. Since, according to the 

previous studies, the provision of ancillary services from large re-

newable energy systems on the HV level is largely sufficient, it 
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would be sensible to control them via conventional control system 

connections. Only with nationwide ancillary service provision, and 

with provision from the underlying grid levels, is ICT shared with 

smart market mechanisms imperative.  

The DSOs ensure voltage stability and grid restoration in their grid 

areas and thereby take over some of the duties related to the co-

ordination and provision of ancillary services to the TSOs. They 

provide for appropriate mechanisms in the distribution grids taking 

into account grid restrictions. For this reactive power and voltage 

control spanning several distribution grid levels, a suitable data 

acquisition system and control structures must be designed to tap 

the potentials (see 3).  

For frequency control, the DSO supports prequalification and takes 

into account any grid restrictions for a later activation. The activa-

tion of the secondary balancing power and minute reserve is car-

ried out by the TSO, and the control system or the ICT system is 

used in the DSO's area. To what extent the DSO's area acts as an 

aggregator and service provider here must be determined in the 

future.  

Today's task assignment remains untouched for grid restoration, 

but the DSO must ensure defined states for supply-dependent 

DECUs, so his area will face an increased complexity. Coordina-

tion effort between TSOs and DSOs increases as a result of na-

tionwide suppliers that must be started in a targeted manner during 

grid restoration. 

As mentioned above, all grid levels are designed with lower re-

serves, so that measures such as redispatch, DECUs, storage 

systems and load interventions are required for critical and rare 

grid situations, and which therefore must be supported by appro-

priate methods in system control. These interventions must be 

economically weighed against grid investments, with a focus on 

grid security in the transmission grids while tapping the economic 

potential of distribution grids. This approach must be fully clarified 

in terms of regulation so that the grids can be developed and op-

erated in an economically optimised fashion.  

Grids designed in this manner require new methods for operational 

planning and management, so that probability-based optimised, 

preventive intervention and control options can be calculated, de-

termined and activated automatically. Coordination between grid 
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and market activities must be implemented on all levels (smart 

grids vs. smart markets). 

The closer the grids are operated at the limits of stability, the more 

necessary are automated security mechanisms for stabilisation in 

critical situations.  

Overall, it can be stated that the development of ICT and process 

control applications represent no principal obstacle to the future 

development of system control as an ancillary service. It must be 

ensured that the ICT standards are adopted and implemented, so 

that supportive applications can also activate the appropriate stabi-

lisation measures. Ancillary service activation essentially follows 

economic and technical optimisation criteria.  

A much bigger step would be the implementation of autonomous 

distributed systems for transnational coordination, since an ex-

tremely high level of robustness must be achieved in terms of hu-

man error. Cellular approaches for individual areas of the grid are 

only easy to implement while these cells provide services to a 

higher level grid without self-sufficiently decoupling from it. Should 

decoupling take place as a reserve or fallback measure during 

fault situations, then all control mechanisms, for example for full 

frequency control, must be provided in these cells as well. Further 

considerations of this can be found in chapter 5. 

In conclusion, the main recommendations for action are summa-

rised in Table 6.2. The short-term recommendations for action are 

considered as necessary within the next ten years, and the long-

term recommendations as necessary until the end of the review 

period 2033. 
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Table 6.2 Recommendations for action for future system control 

 Recommended action Motivation 
Legal / technical / 

regulatory as-
pects 

Economic as-
pects 

S
ho

rt
-t

er
m

 

Mechanisms for pre-
ventive / corrective 
stabilising measures  

Mastering extreme 
operational situa-
tions by means of 
redispatch / RES 
throttling 
 

Cost-effective ancil-
lary service provi-
sion by large DECUs

Allow limitation of 
RES and redis-
patch for grid 
optimisation 
 

Adapt ancillary 
service products 
and prequalifica-
tion 

Ancillary ser-
vices by 
DECUs, loads 
or storage sys-
tems as cost-
effective alter-
natives 

Coordination between 
DSOs and TSOs 

Control of large 
DECUs (wind farms, 
solar power plants) for 
ancillary services 

Lo
ng

-t
er

m
 

Automation of preven-
tive / corrective stabi-
lising measures  

Economically opti-
mised grid operation 
/ probabilistic grid 
and operational 
planning with market 
interventions 
 

Cost-effective ancil-
lary service provi-
sion by nationwide 
DECUs 

 

Permit probabilis-
tic grid and op-
erational planning 
as a principle 
 

Determine smart 
market interven-
tions for ancillary 
service provision 
and grid optimisa-
tion 

 

Optimised grid 
expansion 
through mar-
ket/DECU/stor
age sys-
tem/load inter-
ventions 

Grid analysis func-
tions (forecasts, dy-
namics,   

optimised ancillary 
service activation) 
Ancillary services to-
gether with smart 
market from DECUs 
and storage systems 
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A. Scenario framework 
In this section, the necessary assumptions for the calculations are 

presented. 

A.1. Installed capacities 

Within the framework of this study, the development scenario for 

the year under review of 2033 as per NEP 2013 is taken as a basis 

and shown in Figure A.2. 

 

  

Figure A.2 Installed RES capacities 

The installed capacities of the conventional power plants are 

shown in Figure A.3. In this scenario, gas-fired power plants exhib-

it the largest increase in comparison to 2011. The installed capaci-

ty of lignite-fired power plants is almost halved and the share of 

hard coal-fired power plants is reduced by about 1/5. The total 

installed capacity is reduced only slightly. 
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Figure A.3 Installed conventional power plant capacities 

The installed capacities of renewable energy systems and conven-

tional power plants in other European countries are taken from the 

Scenario Outlook & Adequacy Forecast (SO&AF) [71], analogous 

to the corresponding NEP scenarios.  

Regionalisation 

The regional distribution of power demand and supply (regionalisa-

tion) has a decisive influence on the necessity and efficiency of 

grid expansion measures in the electrical transmission grid [60]. 

Similarly, impacts on local reactive power demand can be ex-

pected [61].  

Regionalisation is performed based on a region model at the mu-

nicipal level. The municipal level is the lowest structural level at 

which data allocation is reasonably possible. Statistical, structural 

and meteorological data for each municipality in Germany are 

compiled in the data basis of the region model, which is mainly 

data from the Federal and Regional Statistical Offices and the 

German Weather Service. An overview of the most important 

structural data is offered in Figure A.4. 
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Figure A.4 Overview of the available structural parameters of the German 
municipalities on the regional distribution of the predicted capacity 
of loads and energy conversion systems 

The distribution of the predicted capacities of the loads and re-

newable energy systems is carried out using so-called regionalisa-

tion factors. A regionalisation factor generally describes the share 

of the total capacity assigned to each municipality. A one-

dimensional regionalisation factor is formed only on the basis of an 

input data set. One-dimensional regionalisation factors result, for 

example, from the distribution of wind turbines in relation to arable 

land, of PV systems in relation to buildings and land, or of the elec-

trical load in relation to the population of the German municipali-

ties. Multidimensional regionalisation factors provide the opportuni-

ty to consider multiple sets of data. For wind turbines, the distribu-

tion can be implemented in relation to arable land, forestry land 

and the energy yield potential as based on meteorological data 

and other influencing variables. 

In the context of the present study, an investigation of various re-

gionalisation methods is not feasible. Therefore, the regionalisation 

used in the present study is explained at this point, so that a quali-

tative assessment of the selected scenario is possible. 

The scenarios of the scenario framework 2012 are used for grid 

development planning and regionalisation, upon which the sensi-

tivity analysis of NEP 2013 is based [61]. Scenario C of the sce-

nario framework 2012 is based on the implementation of the envi-

ronmental policy objectives of the individual German states, insofar 

as the nationwide expansion of energy conversion plants corre-

sponds to the sum of the federal state targets. The interrelation of 

the target valuesof the German states is also transferred to the 

other scenarios, so policy objectives are reflected there as well. 

During the approval of the scenario framework, it was criticised 
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that regionalisation was ultimately based on the reported target 

values of the federal states exclusively. However, the present 

study uses the scenario upon which NEP is based, with considera-

tion of the federal state weighting. 

A respective multidimensional regionalisation factor is used for the 

regionalisation of capacity from wind turbines and PV systems. A 

one-dimensional regionalisation factor is applied to distribute pow-

er from BMP. These factors are applied to the projected federal 

state values. 

In the approved scenario framework 2012, regionalisation factors 

are described as follows [3]: 

Regionalisation of wind turbines 

 50% of the new installations vis-à-vis 2011 are to be locally 

distributed in proportion to the previously installed onshore 

wind power capacity. The regional distribution of previously 

installed onshore wind power capacity is to be taken from 

the plant master data of the TSOs. 

 50% of the new installations vis-à-vis 2011 are to be dis-

tributed amongst locations suitable for wind power. 

o 15% of the new installations are to be evenly dis-

tributed amongst locations whose annual average 

wind speed is greater than 7.3 m/s. 

o 12.5% of the new installations are to be evenly dis-

tributed amongst locations whose annual average 

wind speed is greater than 6.4 m/s and less than or 

equal to 7.3 m/s. 

o 10% of the new installations are to be evenly dis-

tributed amongst locations whose annual average 

wind speed is greater than 5.5 m/s and less than or 

equal to 6.4 m/s. 

o 7.5% of the new installations are to be evenly dis-

tributed amongst locations whose annual average 

wind speed is greater than 4.6 m/s and less than or 

equal to 5.5 m/s. 

o 5% of the new installations are to be evenly distrib-

uted amongst locations whose annual average wind 

speed is less than or equal to 4.6 m/s. 
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Regionalisation of photovoltaic systems 

 50% of the new installations vis-à-vis 2011 are to be locally 

distributed in proportion to the previously installed PV ca-

pacity. The regional distribution of PV capacity installed be-

tween 1 January 2009 and 30 September 2012 is to be 

taken from the published figures in the PV reporting proce-

dures of the Federal Network Agency. The regional distri-

bution of the installed onshore wind power capacity prior to 

1 January 2009 is to be taken from the plant master data of 

the TSOs. 

 50% of the new installations vis-à-vis 2011 are to be dis-

tributed evenly amongst "buildings and open spaces". The 

regional distribution of "buildings and open spaces" is to be 

taken from the data [155] published by the Federal and 

Regional Statistical Offices. 

Regionalisation of biomass plants 

 100% of the new installations vis-à-vis 2011 are to be dis-

tributed evenly among "arable land". The regional distribu-

tion of "arable land" is to be taken from the data [155] pub-

lished by the Federal and Regional Statistical Offices. 

The following deviations are made from the described procedure: 

Wind turbines 

 The corrected plant master database of Deutsche Gesell-

schaft für nachhaltiges Bauen e.V. (German Sustainable 

Building Council, DGNB) [62] is used. 

 The average wind speed in 2011 is taken from the DWD 

model COSMO-EU [63]. The closest true origin coordinates 

are identified in the model and used for each municipality. 

Photovoltaic systems 

 The corrected plant master database of Deutsche Gesell-

schaft für nachhaltiges Bauen e.V. (German Sustainable 

Building Council, DGNB) [62] is used. 

 Buildings and land dated 31.12.2011 are taken from the 

statistics published by the Federal and Regional Statistical 

Offices [155]. 
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Biomass plants 

 Arable land dated 31.12.2011 is taken from the statistics 

published by the Federal and Regional Statistical Offices 

[155]. 

In addition to the regionalisation of the service offered by renewa-

ble energy systems, the demand for electric power has to be re-

gionalised. The study is based on the profile of the load time series 

for Germany as published by ENTSO-E [64]. Regionalisation dis-

tinguishes between demand from households and the commercial 

sector. For every point in time, a fixed ratio of household to com-

mercial load is assumed that corresponds to the ratio of the annual 

energy demand of both sectors [65]. Regionalisation is implement-

ed as follows: 

Regionalisation of the electrical load 

 26.6% of the load is distributed in proportion to the popula-

tion figures of all German municipalities. The population 

figures are drawn from the municipality directory of the 

Federal Statistical Office, which was updated after the 2011 

census. 

 73.4% of the load is distributed in proportion to the gross 

value added of all German municipalities. Gross value 

added is taken from the publications of the Regional Statis-

tical Offices [156]. 

 

 Figure A.5 shows the installed capacity of wind turbines, PV sys-

tems and BMP per German state with and without state weighting. 

Figure A.6 to Figure A.12 show the power density of the installed 
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capacity of wind turbines, PV systems, BMP and the electrical load 

in the heavy-load case per municipality relative to the average val-

ue of the year 2011. 

 

 Figure A.5 Installed capacity of wind turbines, PV systems and BMP in each 
German state with regionalisation with and without weighting 
by state in 2033 
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Figure A.6 Relative power density of the installed capacity of wind turbines 
per municipality in the year 2011 
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Figure A.7 Relative power density of the installed capacity of wind turbines 
per municipality in the year 2033, with federal state weighting 
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Figure A.8 Relative power density of the installed capacity of PV systems per 
municipality in the year 2011 
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Figure A.9 Relative power density of the installed capacity of PV systems per 
municipality in the year 2033, with federal state weighting 
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Figure A.10 Relative power density of the installed capacity of BMP per 
municipality in the year 2011 
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Figure A.11 Relative power density of the installed capacity of BMP per 
municipality in the year 2033, with federal state weighting 
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Figure A.12 Relative power density in the heavy-load case per municipality in 
2033  
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Allocation to the voltage levels 

The forecasts of the individual renewable energy systems are allo-

cated to the different voltage levels according to Table A.3. 

Table A.3 Allocation of forecasts to the voltage levels 

Figures in % Wind turbines
PV sys-
tems 

BMP 

LV level  60  

MV/LV level    

MV level 20 30 80 

HV/MV level    

HV level 80 10 20 

 

The nominal capacities of the individual plants or large-scale 

plants are determined as specified in Table A.4. 

Table A.4  Nominal capacity of DECUs 

Installed ca-
pacity 
small/large 
plants 

LV MV  HV 

Wind turbines  3 MW 30 MW 

PV systems 5 / 200 kW 400 kW 30 MW 

BMP 50 / 200 kW 400 kW  

 

Regionalisation of the generation mix 

The generation mix of 2033 is estimated using the plant list in the 

Platts database of 2011, and the expected installed capacity of the 

respective types of power plants in the federal states under con-

sideration in accordance with the agreed scenario framework. 

The regionalisation of yet to be constructed conventional power 

plants is preferably carried out at grid nodes where power plants of 

each respective type had to be shut down due to having reached 

their service life expectancy. Which plants had to be shut down 

and dismantled was determined by the year of construction data in 

the data base and the assumed service life of the respective type 

of power plant (cf. Table A.5). If no plants have to be dismantled, 
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new plants are mainly built in locations with good access to the 

respective primary energy source. 

Table A.5 Service lives of the various types of power plants 

Type of power 
plant 

Technical service life 
[a]  

Run-of- river unlimited 

Nuclear energy 50 

Lignite 50 

Hard coal 50 

Gas and steam 45 

Gas 45 

Gas turbine 45 

Heating oil 45 

PSP unlimited 

 

A.2. Market model 

Based on regionalisation and the resulting residual load curve, the 

use of the conventional European generation mix is determined 

under application of a market model for one year. The most cost-

efficient utilisation of the generation mix required to cover the elec-

trical load under review of the technical restrictions of the power 

plants and the grid is determined with an hourly resolution on the 

basis of fundamental input data such as primary energy prices, 

residual demand and transmission capacities between federal 

states. Technical constraints of the generation mix utilisation in-

cluded minimum and maximum power output, minimum up- and 

downtimes, ramping limits (in operation and during startup and 

shutdown), and technical restrictions of PSPs such as maximum 

turbine and pump power. The result of the market simulation re-

flects the schedules of conventional power plants and storage sys-

tems, as well as the cross-border flows between the considered 

market areas. Moreover, prices within the market areas and the 

overall cost of electricity generation can be stated. 

The optimisation problem formulated in the context of the market 

simulation is a mixed integer linear programming problem (mixed 

integer linear programming, MILP). This formulation allows for a 

direct consideration of the intertemporal, technical restrictions of 
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the power plants, such as minimum up- and downtimes and of 

ramping limits. Solving the MILP problem yields an optimal global 

solution for the utilisation of the generation mix, which cannot be 

guaranteed for Lagrangian relaxation frequently used in alternative 

approaches. The maximum permissible trade capacities are taken 

from the values published in [66] for the year under review of 2033. 

A.3. Investigated hours 

Figure A.13 to 

 

Figure A.16 compare the hours in 2011 and 2033 that are consid-

ered in the context of the investigations of this study. First, the load 

and supply-dependent share of RES feed-in (wind turbines and PV 

systems) are compared. In addition, RES feed-in is shown sepa-

rately for wind turbines and PV systems. 

In 2011, hours 739 and 4,901 are examined. In hour 739, a high 

load faces very low feed-in from RES. In this hour, conventional 

generation in Germany is at its peak. In hour 4901, the load is 

close to its minimum. At 5 pm, PV systems have not yet started 

injecting power into the grid. With 12.2 GW, wind turbine feed-in 

reaches 62% of the maximum feed-in reached in 2011. In this 

hour, conventional generation in Germany is at its minimum. The 
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selection of hours for 2033 follows similar criteria. Hours 842, 

4,071 and 5,964 exhibit a new characteristic. In hour 842, wind 

turbine feed-in is near its maximum value in 2033, while PV sys-

tems are not feeding any power into the grid. In hours 4,071 and 

5,964, there is a low load with a relatively high feed-in from both 

PV systems and wind turbines. 

 

Figure A.13 Load and RES feed-in during the observed hours (2011) 
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Figure A.14 PV system and wind turbine feed-in during the observed hours 
(2011) 

 

Figure A.15 Load and RES feed-in during the observed hours (2033) 
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Figure A.16 PV system and wind turbine feed-in during the observed hours 
(2033) 

Table A.6 summarises the load and feed-in data for Germany of 

the examined hours 739 and 4,901 in 2011, and of hours 739, 842, 

3,053, 4,071, 5,964 and 8,263 in 2033. The indicated power re-

quirement comprises the areas of load, PSP pump operation, ex-

ports and grid losses. On the feed-in side, a distinction is made 

between wind turbines, PV systems, other RES, conventional gen-

eration including run-of-the-river, PSP turbine operation and im-

ports. 

 

Table A.6 Load and feed-in data of the studied hours 

 Output [GW] 

Year 2011 2033 

Date 31.01 24.07. 31.01. 05.02. 08.05. 19.06. 06.09. 11.12. 

Time 18:00 05:00 18:00 01:00 05:00 15:00 12:00 06:00 

Hour number 739 4,901 739 842 3,053 4,071 5,964 8,263 

Load 82.20 37.97 79.91 55.36 38.85 50.21 76.14 42.42 

PSP pump opera-
tion 0.00 3.94 0.00 8.97 8.8 12.13 4.37 0.00 

0

20

40

60

0 20 40 60

P
V

 s
ys

te
m

s 
[G

W
]

Wind turbines [GW]

31.01., 18:00
Hour: 739

05.02., 01:00
Hour: 842

08.05., 05:00
Hour: 3.053

19.06., 15:00
Hour: 4.071

06.09., 12:00
Hour: 5.964

11.12., 06:00
Hour: 8.263



Scenario framework 250 

 

Exports 0.00 0.00 0.00 4.60 0.00 11.10 5.35 0.72 

Grid losses 3.29 1.52 3.20 2.21 1.55 2.01 3.05 1.70 

Wind turbines 0.66 12.17 6.21 60.54 34.21 42.07 44.5 29.12 

PV systems 0.23 0.00 0.64 0.00 0.00 22.78 27.44 0.00 

other RES 3.29 3.29 5.60 5.60 5.60 5.60 5.60 5.60 

conv. generation + 
run-of-river power 
plant 72.62 24.27 53.32 5.00 6.78 5.00 11.37 10.11 

PSP turbine opera-
tion 3.94 0.00 7.94 0.00 0.00 0.00 0.00 0.00 

Imports 4.75 3.70 9.41 0.00 2.62 0.00 0.00 0.00 

 

Figure A.17 compares the modelled PV systems and wind turbine 

feed-in with the data from 2011 published in [155]. The comparison 

for the period around hour 4,901 in 2011 (24.07., 5 am) is shown. 

It is evident that the profiles of the published data of the EEX mod-

el are depicted realistically. 
 

  

Figure A.17 Comparison of EEX and model data in July 2011 [157] 
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B. Planning and 

operational principles 
B.1. Transmission grid model 

To determine the reactive power demand of the transmission grid, 

the aggregate grid model of the Institute of Energy Systems, Ener-

gy Efficiency and Energy Economics (ie³) is used. Grid expansion 

measures of NEP 2012 [4] are taken into account.  

The grid model comprises the entire ENTSO-E area. The real grid 

is reduced to about 300 nodes, of which 31 are in Germany. This 

aggregation process allows a more easy identification of factors 

that cause congestions or that endanger stability. The characteris-

tics and properties of the real grid are retained, so the information-

al value of the model is comparable with that of the actual grid. 

The direct identifiability of individual real nodes and lines is ham-

pered in the model, the electrical properties are, however, repro-

duced in good approximation. 

Since accurate data on the transmission grid is not public availa-

ble, a simulation of the transmission grid using public available 

data and grid maps2. In the development of the reduced grid, real 

grid nodes that are close together were aggregated, so that, for 

example, the concentrated generation in the Rhine-Ruhr metropoli-

tan region is represented by two nodes. The line lengths were es-

timated using grid maps in order to present a qualitative and rep-

resentative picture of the transmission grid. The line parameters 

used are those of typical overhead lines. Similar lines are used 

throughout Europe. 

Grid conditions of possible future scenarios can be considered with 

different grid variants. To this end, already known expansion 

measures [1] were considered. Figure B.18 and Figure B.19 show 

the grid model used in its ground state 2011. 

                                                 

2 ENTSO-E grid map 2007-2011 https://www.entsoe.eu/resources/grid-

map/  
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Figure B.18  Section of the aggregate transmission grid model of Europe 
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Figure B.19 Aggregate transmission grid model in Germany 

 

There may be domestic grid congestions in extreme scenarios 

caused by regionalisations deviating from TYNDP/NEP 2013, and 

by a deviating generation mix utilisation or a different scenario 

framework.  

 

B.2. Planning and operational principles in the 

low, medium and high voltage level 

Prior to a determination of the potential of reactive power provision 

for higher-level grid levels, the distribution grids must be expanded 

to fulfil the task of supply in the respective scenario. This section 

describes the assumptions made regarding the applicable operat-

ing limits and the standard grid expansion measures, which mostly 

correspond to the dena distribution grid study [2]. 
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EN 50160 describes the minimum requirements on voltage quality 

at the consumers. As required by EN 50160, the permissible volt-

age change at the LV end consumer is ± 10% of the nominal volt-

age. The voltage band of UN ± 10% is split between the LV and 

MV level by the DSO..  

In this study, the following distribution of the voltage band is de-

fined: 

 ± 4% for the LV level 

 ± 2% for the MV/LV level 

 ± 4% for the MV level  

Voltage compounding by HV/MV transformers and the static ad-

justment of the tapping of MV/LV transformers are represented 

implicitly in the present study by idealised voltage value require-

ments made by higher voltage levels. 

The (n-1)-secure supply of consumers in the MV level is an applied 

planning principle. This is why a sufficient reserve must be kept for 

the (n-1) case. For this purpose, a short-term load of 100% of the 

rated apparent power under load (load factor m = 0.7) is permitted 

for HV/MV transformers, MV cables and MV overhead lines in the 

(n-1) case. A maximum permissible load in the (n-1) case implies a 

maximum load of 50% for normal operation. The (n-1) criterion 

described here is also used in the HV level. Table B.7 summarises 

the permissible loadings of the equipment in the LV, MV and HV 

level. 

Table B.7 Permissible loadings of the equipment in the LV, MV and HV level 

Operating resource type Permissible loads 

EHV/HV transformer 50% 

HV lines 50% 

HV/MV transformer 50% 

MV lines 50% 

MV/LV transformer 100% 

LV lines 100% 

 

In addition to thermal loadings, voltage change is the second sig-

nificant design parameter. The 3% and 2% voltage criterion of the 

grid connection codes for DECUs in the LV and MV grid is often 
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referred to as a technical limit of the line receptivity for DECUs 

[67]. In [68], the following formulation is used in this context: 

"During normal operation of the grid, the voltage change caused 

by all DECU (with a point of common coupling in the LV level) shall 

not exceed a value of 3% compared with the voltage without 

DECU at any point of common coupling in a LV grid." 

The guideline for DECU in the MV grid as written by BDEW in 

2008 uses an identical expression, however, it permits a voltage 

change of only 2% in the MV level [69]. 

The 2% or 3% voltage criterion is not considered in this study, 

since a consideration would greatly limit the grid connection capac-

ity of decentralised plants although no operating limits are violated 

[2].  

Standard LV/MV grid expansion variants 

As part of the standard expansion variants of the study, a critical 

line loading is avoided by a parallel line across one half of the 

line's length. In critical voltage conditions, a parallel line along two 

thirds of the line length is used. 

Standard HV grid expansion variants 

The planning principles are limited to a demand-appropriate 

construction of new lines, but do not make any structural grid 

optimisation measures. Overloaded lines are replaced with the 

standard equipment  in use. If these measures are not sufficient, 

the overload must be corrected by additional overhead lines, which 

increase the intermeshing of the grid, or by new 380 kV connection 

points. 

Underground cables have a significantly lower impedance than 

overhead lines. Therefore, the use of cable systems in parallel to 

existing overhead lines leads to a significant relief of the transmis-

sion line when the new cable system is high loaded. For this rea-

son, new cable routes are not considered in the present study. 

Primary technical equipment 

To incorporate grid enhancement measures in the analysis of the 

LV and MV levels, equipment are uniformly used as per Table B.8. 

In comparison with the construction of overhead lines, the use of 

underground cables finds greater acceptance, so grid enhance-
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ment measures in the LV and MV level are implemented exclusive-

ly with underground cables. 

Table B.8 Standard operating resources in the LV and MV levels 

Equipment type Equipment 

LV cable NAYY 4x150 

MV/LV transformer Rated power 630 kVA 

MV cable NA2XS2Y, 3x1x185 

HV/MV transformer Rated power 40 MVA 

 

The equipment used in the HV level are listed in Table B.9. For 

cables, the ampacity is set to 80% of the nominal value due to the 

laying procedure and possibly occurring multiple bundles and a 

reduced thermal conductivity of the ground. 

Table B.9 Standard equipment used for grid expansion planning in the HV 
level 

Figures in kA INominal Ipermissible 

HV overhead line 265/35 Al/St twin conductor 1.36 1.36 

HV cable N2XS(FL)2Y 3x1x800RM/50 0.89 0.712 

 

Operating conditions for grid planning 

In terms of the quality of supply, electrical distribution grids must 

meet the qualitative minimum requirements both in the peak load 

case and in the low load case with a high DECU feed-in. The scal-

ing factors in Table B.10 are used to dimension the LV, MV and 

HV grids for the design-relevant peak load case and the low load 

case with a high DECU feed-in. The listed factors refer to the in-

stalled capacities and forecasts for the energy source in the re-

spective study region. 
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Table B.10 Scaling factors in the LV, MV and HV levels for feed-in and load, 
relative to the installed capacity 

Figures in 
% 

LV MV HV 

Peak load 
case  

low load 
case with 
high 
DECU 
feed-in 

peak load 
case 

low load 
case with 
high 
DECU 
feed-in 

peak load 
case 

low load 
case with 
high 
DECU 
feed-in 

Load 1 0.10 1 0.15 1 0.35 

Wind tur-
bines - - 0 1 0 1 

PV systems 0 0.85 0 0.85 0 0.85 

BMP 0 1 0 1 0 1 

 

According to [70], existing PV units can be set at a maximum of 

85% of the module capacity for grid calculations. This is supported 

by studies on the maximum global irradiation, inverter dimension-

ing and the evaluation of measured data. 

In higher voltage levels, there is a stronger mixing of the stochastic 

behaviour of the consumers. Therefore, a higher share of the load 

is taken into account in the case of low load and a high DECU 

feed-in in the MV and HV levels than in the LV level. A 

cos φ = 0.95ind. is assumed for all loads. 
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C. Assumptions on 

balancing power 

dimensioning 
C.1. Static method (today's convolution-based 

approach) 

To determine the required CR quantities, the following assump-

tions are made for the static method. All forecast errors and the 

load noise are assumed to be normal distributed. 

Table C.11 Input parameters of the static method for CR determination in 
Chapter 2 

Influencing values  Value Source 

System values 2033    

Annual peak load  84.0 GW [4] 

Inst. capacity wind 

(on- and offshore)
 91.6 GW [4] 

Inst. capacity PV  65.3 GW [4] 

Generation mix As per appendix A.2 [4] 

Forecast errors 2033    

Load noise 
 

 

 

0.41% 

0.00% 
[135] 

Load forecast error

 

 

 

1.67% 

0.00% 
[135] 

Forecast error wind energy

 

 

 

0.85%3 

0.11%7 
[1] 

Forecast error PV

 

 

 

0.85%7 

0.00%7 
[1] 

 

                                                 

3 Relative to the nominal capacity 
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C.2. Adaptive method  

The input parameters from Table C.12 are used for the adaptive 

method of determining the demand for CR. The time series used 

for grid load, wind and PV feed-in correspond to the generated 

time series for 2033 in Chapter 2. To calculate the demand for CR 

caused by possible power plant outages, only the hourly active 

portion of the generation mix is considered. Information on the 

generation mix utilisation in this case correspond to the model re-

sults in Appendix A.2.  

Table C.12 Input parameters of the static method for CR determination in 
Chapter 2 

Influencing values  Value Source 

Time series for:  
grid load, wind power, 
PV  

as listed in appendix A  

Hourly generation mix 
utilisation as listed in appendix A 

Forecast errors 2033    

Load noise 
 

 

 

0.41 

0.00% 
[135] 

Load forecast error

 
 

 

0.41% 

0.00% 
[135] 

Forecast error wind 
energy 
 

,  

 

1.1% - 8.4%4 

0.11%8 

own 
analyses, 
similar [1] 

Forecast error PV

 
,  

 

2.2% - 8.4%4 

0.00%8 

own 
analyses, 
similar [1] 

 

Unlike the static method, the adaptive method can account for the 

capacity-dependence of the wind and PV forecast error. Large 

wind forecast errors occur due to the non-linear capacity curves of 

wind turbines, for example, they are larger at intermediate feed-in 

capacities. High wind power feed-in volumes, however, exhibit 

lower forecast errors. Similar to the approach in [1], the power de-

                                                 

4 Relative to the respective feed-in capacity 
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pendence of the forecast error for wind and PV feed-in is taken 

into account in this approach. 
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D. Provision of 

instantaneous reserve 

in Europe 
In the following, a Europe-wide analysis is carried out in which the 

entire instantaneous reserve is to be provided from DECUs or 

storage systems. This is only a theoretical estimation of the poten-

tial using alternative suppliers to reveal how many plants are re-

quired, and to identify the corresponding magnitude. 

For scenarios I and IV, the following is examined:  

 The contribution to instantaneous reserve that wind tur-

bines and PV systems can theoretically afford by throttling,  

 How many plants are needed to provide instantaneous re-

serve from the rotational energy of wind turbines when they 

are provided with an appropriate control (cf [131]),  

 And the performance and capacity of storage systems re-

quired in order to provide instantaneous reserves. 

 

It should be noted that for all considerations, the current feed-in 

capacity of wind turbines and photovoltaic systems is assumed, 

which is used to estimate the theoretical potential for provision. 

Wind turbines and PV systems can make a contribution to instan-

taneous reserve by appropriate throttling measures. In this case, 

the plants are no longer operated at their optimum operating point 

and therefore do not supply the maximum possible active power. 

In Figure D.20, the current wind turbine capacity is exemplarily 

throttled by 30% in order to fully and initially provide the required 

power and kinetic energy required to cover the generation outage 

of 3 GW in Scenario I with wind turbines. 
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Figure D.20 Scenario I: Instantaneous reserve gained by throttling wind 
turbines 

The generating capacity is reduced from 10.5 GW to 7.4 GW. The 

capacity difference of 3.1 GW can be used to provide the required 

power and kinetic energy of 7.4 MWh in case of a generation out-

age. To achieve this, the plant is controlled in a way that the gen-

erating capacity is increased during throttling in the event of a fre-

quency dip. In this case, the generating capacity of the wind tur-

bine is sufficient, given suitably heavy throttling, to replace the 

generating capacity of the instantaneous reserve. Whether or not 

the generating capacity of wind turbines can be increased fast 

enough remains to be verified. Throttling the plants also means 

that a part of the available capacity and energy is no longer availa-

ble.  

Assuming that PV units connected to the grid at that moment par-

ticipate in the provision of instantaneous reserve on a percentage 

basis in addition to wind turbines, the capacity development shown 

in Figure D.21 is the result. 
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Figure D.21 Scenario I: Instantaneous reserve from the combined throttling of 
wind turbines and PV units 

The generating capacity of wind turbines and PV units is 14 GW 

while unthrottled. With the additional throttling of PV units by 26%, 

the extent to which wind turbines need to be throttled is reduced to 

20%. This amounts to a capacity difference of 3 GW. It should be 

noted that the generating capacity of wind turbines and PV units is 

low during this hour. In Scenario IV, the generating capacity of 

wind turbines is larger by a factor of six compared with Scenario I. 

This lowers the necessary throttling to 5% if only wind turbines are 

throttled.  

In addition to throttling plants, wind turbines can provide instanta-

neous reserve by dumping kinetic energy from the rotor if they are 

provided with an appropriate control. Based on [131], it is estimat-

ed how many wind turbines would have to be available to contrib-

ute to the instantaneous reserve. 

In order to muster the required kinetic energy of about 7 MWh in 

Scenarios I and IV using the rotational energy of wind turbines, 

12,600 plants are required with an appropriate control. It is as-

sumed that all wind turbines have a nominal capacity of 2 MW, and 

that they can increase their current generating capacity by 10% of 

their nominal capacity for 10s in the event of a generation outage. 

Taking into account the necessary compensation capacity of 

3,000 MW, a number of 15,000 required plants is the result con-

sidering a wind turbine capacity of 2 MW. It turns out that wind 

turbine energy dumps are design-relevant. For this number of tur-
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bines, the result is a kinetic energy of 8.3 MWh. According to the 

scenario principles, an installed wind turbine capacity of 263 GW 

can be assumed for 2033. Assuming that the turbines are 2 MW 

turbines exclusively, a number of 131,500 would be the result. It is 

important to note that only those turbines that are connected to the 

grid can contribute to frequency control. Depending on the wind 

supply, therefore, the actual number of turbines that can contribute 

to frequency control may be lower. As a worst-case estimate in 

Scenario I, a minimum of 5,250 turbines will be grid-connected and 

supply power, assuming a 100% wind turbine load with a wind 

power feed-in of 10.5 GW and a turbine capacity of 2 MW. It is 

evident that only about one third of the required 15,000 wind tur-

bines are available to provide instantaneous reserve.  

It must be examined whether a direct participation in the genera-

tion outage by means of rotational energy dumping in all wind tur-

bines would lead to a lack of so much power in the grid that this 

would lower the frequency. 

Analogous to the design of wind turbines for the provision of in-

stantaneous reserve, storage systems can also be used. In this 

case, the storage system capacity required is also 3,000 MW. In 

order to provide the minimum required storage capacity of 7 MWh, 

the storage system must be able to store the power for a duration 

of 8.4 s. 

Finally, Figure D.22 and Figure D.23 show the results of the provi-

sion options of alternative instantaneous reserve suppliers for 

Scenario I and Scenario IV respectively. 



Provision of instantaneous reserve in Europe 265 

 

 

Figure D.22 Scenario I: Results overview of alternative suppliers for the 
provision of instantaneous reserve 

 

Figure D.23 Scenario IV: Results overview of alternative suppliers for the 
provision of instantaneous reserve 
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It should be noted that any alternative supplier separately contrib-

utes to the provision of instantaneous reserve, i.e every supplier 

makes a contribution regardless of the other. A combination of all 

suppliers for the provision of instantaneous reserve is conceivable, 

in particular due to the fact that in Scenario I, wind inertia alone is 

insufficient to generate both the required capacity of 3,000 MW 

and the kinetic energy of 7.4 MWh. In contrast, it is not necessary 

for all wind turbines to contribute to wind inertia in Scenario IV. 

Comparing the scenarios shows that given a high wind turbine 

feed-in capacity, the plant must only be slightly throttled for it to 

make a contribution to instantaneous reserve. When considering 

storage systems, a minimum storage system capacity of 

3,000 MW is required. The necessary energy dump duration is 

calculated specific to the scenario and the required kinetic energy.  

The considerations of alternative suppliers for the provision of in-

stantaneous reserve assume that all wind turbines, PV units, and 

storage units in the entire ENTSO-E grid area contribute to provi-

sion. 
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E. Definitions 
Instantaneous reserve 

In the first few milliseconds, an active power imbalance leads to a 

change in the kinetic energy of the rotating masses in conventional 

large-scale power plants. The inertia of the rotating masses of the 

generators supports frequency control until the control reserve, 

which is divided into three types according to its CR lead time, sets 

in. 

Primary control reserve 

PCR is automatically activated and the operator must be able to 

supply it within 30 seconds for a duration of at least 15 minutes. 

PCR is tendered symmetrically, the tender period is currently one 

week. Its provision is based on the principle of solidarity and is 

afforded by all TSOs that are synchronously connected within the 

ENTSO-E grid area. 

Secondary control reserve 

The affected TSO immediately and automatically activates SCR 

after a controlled and specific energy exchange between the bal-

ancing zones of the GCC has taken place. Full provision has to 

occur within a maximum of 5 minutes. The tender duration of SCR 

is one week, and the products distinguished by high-rate tariff and 

low-rate tariff are traded separately for the positive and negative 

balancing directions. 

Minute reserve  

MR is a schedule-based activation by the TSO. MR activation 

takes place in quarter-hour intervals, and is fully automatic since 

July 2012. MR is tendered separately for the positive and negative 

balancing directions, each with six time slices over a period of 4 

hours.  

Interruptible loads 

Following the intent of the "Regulation on agreements on inter-

ruptible loads" (AbLaV) from 28.12.2012, interruptible loads are 

regarded as large consumption units that are connected to the HV 

and EHV grids, and that draw large amounts of power nearly con-

stantly. Upon activation by the TSO, these loads must be able to 
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lower or terminate their consumption at short notice for a defined 

minimum duration.  

Static voltage stability 

Static voltage stability is to be understood as voltage stability in the 

energy supply system in normal operating conditions, in which the 

slow voltage changes in the grid are kept within acceptable limits, 

thus maintaining security of supply. The relevant grid operator is 

responsible for voltage stability in the respective transmission and 

distribution grid. 

Decentralised energy conversion plants (DECUs) 

The term DECU describes distributed systems that are connected 

to the electrical grid on a variety of voltage levels. The feed-in ca-

pacity of this type of plant is determined primarily by the quantity of 

the primary energy source used, or other boundary conditions 

such as the required heat demand. The term DECU includes, 

amongst others, all decentralised suppliers such as renewable 

energy systems or fossil-fired CHP plants.   

Renewable energy systems 

The term renewable energy system applies to all systems that use 

energy from the sun, wind, water and renewable biomass. Explicit-

ly, these are PV systems, wind turbines, BMP and run-of-the-river 

power plants. Larger power plants such as wind farms and ground-

mounted solar power plants are also included. 

Power generation unit (PGS) 

System with one or more generating units for electrical energy 

(including the connection facility) and all electrical equipment re-

quired for operation.  

Supply-dependent renewable energy systems  

The term supply-dependent renewable energy system describe a 

system whose feed-in capacity is primarily determined by the 

presence of a primary energy source. Explicitly, these are PV sys-

tems, wind turbines, and run-of-the-river power plants. 

Wind farm 

The term wind farm describes a spatial accumulation of several 

wind turbines, all connected to the grid via a common grid CP. It is 

further assumed that wind farms have a communication link to the 
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grid operator, through which the operating point vis-à-vis the grid 

can be specified.  

Ground-mounted solar power plant 

The term ground-mounted solar power plant describes a PV sys-

tem whose individual modules are placed in an open area and at 

ground level. It is further assumed that ground-mounted PV sys-

tems have a communication link to the grid operator, through 

which the operating point vis-à-vis the grid can be specified. The 

term ground-mounted solar power plant applies to larger PV sys-

tems.  
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