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SHORT SUMMARY

SHORT SUMMARY
This dena grid study II examines the integration of renewable energies into Germany’s electricity supply up to the year 2020 and gives a qualified outlook up to 2025. It is drawing on
the findings of the dena grid study I “Planning of the Grid Integration of Wind Energy in
Germany Onshore and Offshore up to the Year 2020”, which was published in February 2005
and sketches a conceptual perspective for suitable system solutions. Part I of the dena grid
study II develops geographically differentiated scenarios for installed wind power capacity,
on the basis of which time series of the wind power feed-in into high and extra high voltage
nodes and offshore wind farms. Part II analyses future requirements for the transmission grid
and grid extension options. Part III examines opportunities to introduce more flexibility in the
power system in terms of supply and demand. The study gives a conceptual perspective of the
need for grid extension in inner Germany in order to fully integrate renewable energies, whilst
operating power stations at optimum cost and exchanging electricity with other countries in
response to market demands within the scope of the specified transmission capacities.

PART I:

GENERATION OF TIME SERIES FOR THE FEED-IN OF ELECTRICITY
FROM WIND POWER AND OTHER RENEWABLE ENERGIES FOR THE
YEAR 2020

The scenarios for the development of onshore and offshore wind farms and the expansion of
other renewable energies set out by the dena grid study I were reviewed within the study period for the dena grid study II, taking into account market developments and changed framework conditions for the study. The 2007 scenarios of the dena grid study I from 2005 largely
reflect the actual extension until 2007, albeit with regional variations. Modified extension
scenarios for 2015 and 2020 and a qualified outlook until 2025 were developed for the dena
grid study II. Based on the modified scenario for onshore wind energy development (approximately 37,000 MW in 2020), the extension potential is approximately 30% higher compared to the scenario in the dena grid study I. A reason for this increase is the designation of
additional areas for wind farms in Schleswig-Holstein, Brandenburg and MecklenburgWestern Pomerania and the re-evaluation of the assumed area required for Lower Saxony and
Brandenburg to 7 hectares per MW installed wind power capacity in the modified scenario. In
terms of use of offshore wind energy, the findings of the dena grid study I are now expected
to be delayed by approximately five years. As a result, the modified scenario in the dena grid
study II predicts an installed offshore wind energy capacity of 12,000 MW in the North Sea
and 2,000 MW in the Baltic Sea by 2020. As a scenario for the extension of other renewable
energies, the development predicted by the 2008 pilot study of the Federal Environment Ministry has been assumed. Due to the change in terms of expected development of photovoltaic
installations, the installed capacity from renewable energies predicted in the scenario in the
dena grid study I is almost doubled to approximately 30,000 MW by 2020. Based on the scenario for the wind energy expansion developed for the dena grid study II, time series of the
1
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wind power generation for the year 2020 in a temporal resolution of 15 minutes and a regional
resolution of 1186 onshore grid nodes (high and extra high voltage nodes with infeed of wind
power) and 46 offshore wind farms are generated. Contrary to the dena grid study I, the generation of time series of wind power feed-in is based on historical data from a numerical
weather model (data from the COSMO-DE model of the German Weather Service), which results in a clear improvement compared to the first study. The weather model data, which consist of hourly values from 2004 to 2007, are transformed into the corresponding values of
electric wind power in 2020 using physical models. The calculation takes into account the
main factors, such as current and future hub heights and power curves of wind turbines, wind
park effects and electric losses in wind farms. The proportion of wind turbines which are already built and will be built until 2020 is based on the assumptions regarding repowering. For
future wind turbines, an average hub height of 110 m (onshore) and 90 m (offshore) and
power curve models are assumed. The technical availability of wind turbines is also considered in the simulation method; in the case of offshore wind farms, the dependency of turbine
failures on wind speed and the accessibility to offshore turbines for maintenance are also considered. In order to increase the temporal resolution to 15 minutes, the wind speeds of the
weather model data are supplemented with wind speeds measured on met towers using a suitable method. The generated time series of wind speed are converted to wind power time series
using so called wind farm power curves or multi-turbine power curves, which are valid for entire wind farms or grid nodes and generated using the power curves of connected turbines.
The data pool of long-standing power measurements from 83 wind farms with a total nominal
power of 3.2 GW is used to determine the various parameters for the simulation models. The
time series of wind power feed-in generated for 2020 are analysed in terms of the characteristics which are essential for grid integration, such as full-load hours or maximal gradients.
For the wind year 2007, the wind power generation simulated for 2020 results in approximately 2200 full-load-hours onshore and approximately 4200 full-load-hours offshore. On the
one hand, this shows that a very large number of full-load hours can be achieved offshore. On
the other hand, it becomes apparent that higher hub heights and improved plant technology
result in considerably more full-load hours, even onshore. Furthermore, the analysis of the
time series shows that an extension of wind power leads to reduced relative fluctuations in
wind power generation across Germany. This smoothing effect makes wind power easier to
forecast and reduces the relative need for balancing power. As well as the time series of wind
power generation, the time series of photovoltaic power generation for 2020 are generated in a
temporal resolution of 15 minutes and a regional resolution of federal states also using physical models and based on weather model data. The time series from part I of this study form
the basis for the grid calculations in part II and the balancing power calculations in part III.

2

SHORT SUMMARY

PART II: EFFECTS ON THE GRID
Part II of the study regards the effects on the transmission system and technical options for future development.
Methodology:
As a first step, the transmission capacity of the transmission system, which is presumed to be
realised by 2015 (see assumptions), is examined. The realisation of these hitherto largely unrealised grid extension projects must therefore be actively promoted to achieve further integration of renewable energies in terms of social consensus (acceptance). Based on the future
infeed from renewable energy sources calculated in part I and the number of expected conventional power stations in 2020, the non-transmissible power from this grid is determined
and the influence of optimisation measures evaluated. Current technologies (grid extension,
temperature monitoring, high-temperature cables, cables, direct current transmission, storage),
are compared and evaluated point-for-point based on technical/economical criteria for a pointto-point transmission. As an alternative, a proposal for a solution for an overlay system,
which is interconnected over a wide area using direct current technology, is presented. The
necessary onshore grid extension measures for utilisation of 380 kV three-phase alternating
current technology are conceptually introduced. The offshore connection of offshore wind
farms is drafted and system-relevant potential and requirements of wind energy plants (shortcircuit and reactive power, ability to operate in an islanded mode) are illustrated.
Assumptions:
With regard to the results of the investigation, the following assumptions, which were defined
at the beginning of the study, are of particular importance:
full integration of renewable energies, i.e. EEG infeed priority (no power control, no
infeed management)
nuclear power phase-out (installed power station capacity from nuclear energy in
2020: 6.7 GW)
model-based economic optimisation of conventional power stations in Germany
European market integration only limited by interconnector capacities
market-responsive use of power stations across Germany over 8,760 h
planning grid 2015 (incl. grid reinforcement and extension measures in accordance
with dena grid study I and taking into account EnLAG)
regionalisation of power station infeed in accordance with 18-region model by Transmission System Operators (TSO) (cf. region models electricity transport of German
TSOs)
assumed 8% reduction in net electricity consumption between 2008 and 2020
Dependency of load capacity of equipment on environmental conditions and technologies
The current load capacity limit of an overhead line mainly depends on the temperature of the
conductor cable and/or the resulting sag of the line, which in turn is decisively determined by
the conductor current, outside temperature, solar radiation and wind cooling. As the norma3
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tive weather conditions (35°C outside temperature, 0.6 m/s wind speed) are not met for a
large part of the year, there are temporarily reserves.
The capturing of external conditions and ultimately of the conductor cable temperature as
such, is the so-called “Overhead Line Monitoring (OLM)”. It can be used and its effect taken
into account for grid operation, grid operation planning and grid planning. In case of strong
wind energy infeed, severe conductor cable cooling caused by wind can result in additional
ampacity between 50% (Northern Germany) and 15% (Southern Germany) of additional current-carrying capacity (disregarding local conditions). With average wind energy infeed, these
potentials fall by approximately 10 % across Germany.
The consideration of OLM in grid planning is currently not state-of-the-art in Germany (first
pilot projects) or internationally. A very simplified form of OLM in terms of seasonal ampacities is used to a limited degree in Europe for grid operation planning and grid operation. In
Germany and across Europe, online weather data is currently only utilised for grid operation
in some cases.
Furthermore, so-called “TAL” conductors made from highly temperature-resistant aluminium
can be used up to a conductor temperature of approx. 150°C, which increase the ampacity to
about 150% and are state-of-the-art. There is, however, still a need for appropriately standardisation. A further investigation is required to examine whether the increased ampacity can
be fully utilised taking into account all boundary conditions, as the increase of the permissible
current alone cannot be equated to an increase of transmission capacity. Effects on grid dynamics, voltage stability/reactive power demand, angle stability and operational reserves must
be considered. In addition, all primary and secondary technical components of the circuit,
which uses TAL conductors, must be designed for a higher transmission current. Furthermore,
all legal requirements (e.g. limit values for electro-magnetic fields, clearances, sufficient testing) must be met.
Identification of suitable options for the transmission of wind energy capacity
Different three-phase and direct current transmission methods in overhead lines and cable
technologies have been examined and evaluated with regards to the transmission of high electric power onshore over differing distances. Relevant connections of offshore wind farms
have also been analysed. The investigations and evaluations were carried out jointly by the
TSOs and manufacturers (ABB and Siemens).
Four examples of transmission tasks with different technologies (value pair from capacity to
be transmitted and transmission distance as abstract connection from a point A to a point B
desregarding local conditions) were evaluated and their suitability for the respective transmission tasks was ranked using different criteria.
The technologies which used overhead lines proved to be more suitable solutions for the
transmission tasks examined in this study. In particular for smaller transmission capacities
(1,000 MW) and shorter distances (100 km), 380 kV AC overhead lines performed best by a
wide margin. For other transmission tasks, several transmission technologies often proved
almost equally as effective. Particularly for distances of more than 400 km or even higher
transmission capacities, it must be assumed that HVDC solutions are advantageous.
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In terms of future implementation planning in a generation scenario to be mapped, these findings lead to the representation of an appropriate grid design with the best possible transmission technology.
In accordance with available knowledge, offshore wind farms (OWF) should be connected as
follows:
extension of cluster connection systems with VSC-HVDC transmission routes (maximum capacity of 1,100 MW until 2015 and 1,360 MW until 2020)
provide AC single connections depending on the installed OWF capacity and the
transmission distance between the grid connection point (CP) and the grid interconnection point (GIP)
further development of future offshore connections after 2015 until 2020 largely with
VSC-HVDC technology
Also in this case, large power infeed in a grid region has a big affect system stability remarkibly, which must be further examined in another study. In the Baltic Sea, OWF connections are a feasible solution to extend interconnectors towards Denmark and Sweden. In the
North Sea, bordering countries have commissioned an investigation into the feasibility of a
“North Sea grid” in the near future.
Taking into account the need for further development for multi-terminal DC solutions and after clarifying the regulatory framework conditions and standardisation of direct current technologies, the following applications are feasible:
transit line with intermediate infeed from OWF
synergies between individual OWF clusters
DC connection from OWF clusters into main consumer areas (onshore
transition from DC cable to DC overhead line and onshore intermediate infeed)
In addition, submarine cables for the connection of offshore wind farms totalling a system
length of 1,500 km and costing approx. € 340 million per year (operation of HDVC, e.g.
maintenance and repairs), must be considered for all scenarios examined here.
Identification of non-transmissible generation power for 2020
In order to determine the non-transmissible generated power in the expected transmission grid
(year 2015), market simulation data was combined with a simplified load flow calculation.
The load flow calculation for the 2015 planning grid with the 2020 load situation results in the
designation of non-transmissible power between neighbouring regions.
A continuous line of regional borders with a maximum of non-transmissible power serves as
the input variable for the design of additional storage, with the aim of minimising the need to
extend the transmission grid. Grid examinations have shown, however, that the use of additional regional energy storage based on existing market regulations does not yield the desired
relief of the grid.
Further investigations have evaluated possible application of Overhead Line Monitoring
(OLM) and/or high-temperature cables (TAL). The use of TAL results in less nontransmissible power than with OLM. However, the resulting necessary conversion measures
for the existing grid would be considerably more expensive. Compared to conventional wiring, the use of TAL would incur higher costs for cables, tower reinforcements, tower height5
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ening and provisional arrangements for the conversion during actual operation as well as
demolition costs, which would practically amount to the construction of new electric lines.
Options for the optimisation of the system and extension into actual measures
The three variants BAS, OLM and TAL with their different circuit power rating limits were
combined with the three storage options (0/50/100% storage of non-transmissible power) to a
total of nine scenarios, in which additional grid reinforcements between 2015 and 2020 was
determined.
Requirements for additional inter-regional transmission capacity were evaluated with
PTDF. The analysis of transmission technologies, which was carried out on the basis of abstracted, i.e. non-project-specific point-to–point transmission tasks, the 380 kV AC overhead
power line showed by far the best results, particularly for smaller transmission capacities
(1,000 MW) and shorter distances (100 km). This technology, designed for a thermal ampacity of 4,000 A per circuit, was consequently taken as the basis for the identification of the additional construction requirement.
Short-circuit and reactive power of generation units
The infeed of short-circuit and reactive power into the transmission grid will decrease due to
the development of renewable energies. Because of renewable energies' integration in subordinate voltage levels, they can only support the transport grid to a limited degree.
Short-circuit power can also be made available through the interconnection with foreign
power systems and the largely conventional feed-in that still exists in these countries. Further
investigations will have to evaluate the additional demand for grid-side reactive-power compensators to ensure a sufficient level of short-circuit power in future.
The reduced availability of reactive power due to the replacement of conventional power generation with high infeed from regenerative generation and the simultaneously increased demand based on the growing load on transport lines must be balanced out by additional reactive power compensators.
Behaviour in the event of voltage dips
The current grid connection regulations are designed to largely avoid shutdowns of generators
such as wind energy plants through automatic fault clearing in the transmission grid. Whilst
modern wind energy plants, which are newly connected to the grid, consequently feature
mechanisms in order to ride through deep voltage dips, a large number of conventional power
stations do not fully meet these requirements. Furthermore, there are, in principle, further
technically tested voltage support methods through wind energy plants, which can mainly
only affect the grid area and the voltage level, in which the plants are connected to. Currently
available procedures should be used for the future development of high-capacity generation
units on the basis of renewable energies and/or replaced by even more grid-compatible concepts.

6

SHORT SUMMARY

Ability to operate in an islanded mode and reconstruction of the grid in the event of major
faults
With the decreasing availability of conventional power stations, generation units on the basis
of renewable energies must also be prepared to make a contribution to the reconstruction of
the grid over the longer term.
In principle, modern future generation units on the basis of renewable energies can contribute
appropriately to frequency control and have all the prerequisites for a stable frequency control
of islanded partial electrical systems separated from the interconnected power system and during the grid reconstruction and can therefore play a part in restoring supply in accordance
with reliable wind availability. This requires decentralised control mechanisms through individual plants, on the one hand, and the central controllability of wind farm clusters, for example, on the other, in order to systematically adapt the infeed to requirements if the overall system is at risk or during the reconstruction of the grid. Due to the lack of rotating mass, island
operation is only possible via generation units fed by converters.
Black start capability and therefore reconstruction of the grid starting from the generation
units on the basis of renewable energies is possible in principle, if additional cost-intensive
auxiliary energy is made available.
Grid-related overall assessment
Taking into account the agreed assumptions, the study shows an additional construction requirement amounting to a route length of approximately 3,600 km for the BAS variant. For
the OLM variant, the additional required route length of approximately 3,500 km is only
slightly smaller. In addition, however, lines in the existing grid amounting to a route length of
over 3,100 km including the respective switchgears would have to be modified and extended.
For the TAL variant, the additional route length required is approximately 1,700 km and thus
considerably smaller. For the TAL variant, lines in the existing grid amounting to a route
length of approximately 5,600 km including the respective switchgears would have to be
modified and extended. This conversion would take a considerable amount of time, because
only a small amount of circuits to be upgraded can be switched off at any given time in order
to guarantee safe grid operation. The additional line requirement for the BAS and OLM variants corresponds to approximately 30% of the scope of 380 kV grids expected for 2015.
Grid examinations show that the use of additional regional energy storage on the free market
does not relieve the grid. The study often uses the most competitively-priced power generation available to balance the stored capacity without taking grid issues into consideration. In
the examined scenarios, this power station was often on the same side of the congestion as the
storage, so no reciprocal grid-relieving load flows could be generated and consequently no
noteworthy reduction in grid extension requirement could be identified by the use of storage.
In five further variants, sensitivities were observed. In the PSW variant with increased
pumped storage plant capacity in Southern Germany, Austria and Switzerland, there is an increased additional construction requirement of approximately 4,200 km route length compared to the BAS variant. In the GIL variant, the area-wide use of gas-insulated 380 kV lines
is regarded, for which a route length of almost 3,400 km would be required.
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For the variants using direct current, it is assumed that the direct current cables, which can be
ordered from 2015 onwards, can provide a transmission capacity of 1,100 MW per system at
a voltage of more than 300 kV.
In the HYB variant, a large-scale direct-current connection is modelled as an example, which
directly connects Northern and Southern Germany via an 800 km long route. In order to
achieve a high load equal to 5,800 h/a at full load, four direct-current systems with 1,100 MW
each are required per route. Compared to the BAS variant, the additional construction requirement in the three-phase grid is reduced by 500 km to 3,100 km. In the VSC1 (multiterminal operation) and VSC2 (point-to-point connections) variants, the identified transmission requirements can be covered by 1,100 MW cable systems through controlled power flow.
Power flow control aims at preventing overload in the existing grid. No three-phase lines
would be extended. It is assumed that reactive power can be provided. With an additional
construction requirement of 3,400 km route length each, the VSC1 and VSC2 scenarios set
themselves apart only in terms of the number of converter stations and operational concepts.
The thus determined quantity structure for the nine main variants and the five sensitivity variants form the basis for the economic assessment of the grid extension, which also incorporates
the costs of reactive power compensation plants and grid losses. At approximately € 0.6 billion, the annual costs for the onshore grid extension including operating and loss costs are on
a similar scale for the BAS and OLM variants.
The area-wide use of OLM can only marginally reduce the need for additional transmission
routes after the realisation of measures, which have already been prepared for Northern Germany. If the resulting additional transmission capacity of the transmission grid planned up to
2015 is used, the load flow sees a shift in regional dimension compared to the BAS variant,
making additional grid extension of the volume and costs comparable to the BAS variant necessary elsewhere.
Taking into account the additional onshore grid extension required, the use of hightemperature conductor cables (conversion of existing lines plus operating and loss costs) results in annual costs in the region of about € 1.3 billion, more than twice the costs of the basic
variant.
Because the area-wide use of OLM or TAL is shown not to lead to the desired economic result, it is expected that the large-scale combination of these two options would not lead to
more favourable results than the basic scenario. This does not exclude the possibility that the
use of OLM or TAL can contribute to covering the grid extension requirements in individual
instances.
In the HYB sensitivity variant, the annual costs for onshore grid extension amount to about €
1 billion and are consequently almost twice as high as for the BAS variant. In the GIL variant,
the annual costs for onshore grid extension amount to approximately € 4.5 billion – by far the
highest. The VSC variants show between 1.7 and 2.4 billion €/a for onshore grid extension.
The cost for complete cabling of the additionally required transmission grid in direct-current
technology is consequently 3 to 4 times higher than for the pure three-phase overhead line solution.
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PART III:

POTENTIAL FOR INCREASING FLEXIBILITIES IN THE ELECTRICY
SYSTEM FOR THE BEST POSSIBLE INTEGRATION OF RENEWABLE
ENERGIES

The third part of the dena grid study II examines options to make the German electricity system more flexible in order to support the integration of renewable energies on a large scale.
The study analyses in detail:
the effect of an improved forecast quality with regard to the infeed of electricity from
wind power,
the opportunities of Demand Side Management in industrial, commercial and private
applications,
the provision of balancing power by renewable energy producers themselves, and
the use of established and new storage technologies.
Furthermore, flexibilities with regard to conventional power plants are also taken into account. The effects of the investigated options on the development of generation capacities and
their use are shown in the context of scenarios until 2020.
The interplay between part II (grid) and part III (generation system) of this study further assesses the need for additional transmission capacity in order to integrate renewable energies
into the grid and reduce congestions. In this respect, the potential for regional storage is also
considered.
Methodology
The analysis is based on economic optimisation models for the electricity market. For this
purpose, the aforementioned flexibility options are implemented in detail. One of the scenarios estimates the power stations installed in 2020 and the utilisation of power stations with
hourly resolution. This data is used for the grid calculations, which identify congestion and
determine requirements for additional transmission capacity.
Assumptions
The study examines the full integration of renewable energies into the electricity system under the assumption of a strong development of wind energy in particular: The assumed installed capacity of onshore wind energy converters for 2020 is 37 GW. The assumed figure
used in the calculations for offshore plants is 14 GW. In addition, there are stochastical infeeding capacities for photovoltaics (18 GW in 2020) and electricity infeed from other renewable energies (biomass, geothermal sources). At the same time, it is assumed that the demand
for electricity between 2008 and 2020 will fall by 8%.
The assumed primary energy prices are based on a crude oil price of about 100 $ (2007)/bbl
in 2020. As well as currently existing power stations, plants which were under construction by
2008 (10.3 GW) are predetermined. The model identifies the extension requirement for additional power stations until 2020. Furthermore, the study assumes the phase-out of nuclear
power in accordance with current regulations applicable until shortly before the conclusion of
the study.
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Power stations in 2020
Despite decreasing demand, installed capacity will significantly increase until 2020. This is
due to the strong development of renewable energies, in particular wind power. This extension must be secured through conventional generation capacities in order to safely achieve the
expected annual peak loads.
The cost-efficient result of this scenario shows a clear increase in lignite capacities until 2020
(4 GW). This locally mined energy source remains cheap, whilst it is assumed that world
market prices for gas and coal will rise. Electricity generation capacities from gas will fall by
8.8 GW. The model concludes 6.8 GW less capacity from coal-fired power stations in 2020.
Based on these capacities, two-thirds of all electricity will be generated by nuclear, gas- and
coal-fired power stations in 2020. The share of wind energy in electricity generation increases
from 7% to 27% between 2008 and 2020.
Reducing the strain on the electricity market through additional flexibility in the generation
system
In order to balance the supply and demand on the electricity market through electricity infeed
from wind power in particular, the investigated options for the increase of system flexibility
are utilised to varying degrees in the scenario examined in this study. Initially, this need to
compensate can be damped by reducing the wind forecast error by 2020. For onshore wind
power converters, forecasts are expected to improve by approximately 45%.
The (price) control of demand for electricity from consumers in industry, commerce and private households is known as Demand Side Management (DSM). Such measures are particularly cost-effective in industry, as the required investment in information and communication
equipment in relation to the relevant electric power capacity is comparatively low. Under the
stipulations for the reference scenario, economic potential can be found in chlorine-alkali
electrolysis, aluminium electrolysis, electric steel production, the use of cement mills or in
mechanical wood pulp production. The investment costs until 2020 are still too high in the
private sector due to the fragmented applications in the scenario examined in this study. At
best, low economic potential for DSM can be found in night-storage heaters, electric hot water generation and heating circulation pumps. In the model, DSM covers approximately 60%
of the need for positive balancing power capacity, and approximately 2% for negative balancing power capacity in 2020. Load shifting and load shedding together make up less than 1‰
of the gross electricity demand in Germany, which is less than the power plants own consumption. Peak shaving through DSM reduces the demand for peak load power plants in our
scenario by approximately 800 MW. Further potential for DSM, for example from crosssectional technologies such as cooling processes or compressed-air applications is illustrated
in an additional investigation in the appendix.
The result of the electricity market model suggests that positive balancing power capacity
through wind energy plants is only cost-effective if combined with strong wind energy infeed, low load and a high load gradient in the electricity system. Such situations are identified
in the scenario for 2020 at night. Negative balancing power capacity, on the other hand,
should be predominantly provided by wind energy plants in 2020. This means that the output
of plants can be reduced depending on the load.
10
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Despite increasing volatility of the load and the associated fluctuations in electricity prices,
non-conventional storage technologies such as compressed-air and hydrogen storage are not
(yet) expanded in response to market demands in the context of the scenario examined in this
study by 2020. The price signals on the German electricity market are insufficient for this
purpose, even if the additional wind energy infeed is taken into account. A clear increase in
pumped storage plants in Southern Germany, as is currently under discussion, would replace
some of the gas power stations to cover peak loads.
Cost effects
Wind power yields cost and CO2 savings in the conventional electricity generation system,
which can be offset against the additional costs of wind power. In 2020, every megawatt hour
of electricity from wind power saves € 77 in the conventional generation system (nominally in
2020). At an average remuneration of 127 €/MWh, the net cost of wind energy in 2020 is
50 €(2020)/MWh .
In 2020, 590 kg of CO2 per megawatt hour of wind energy generated in Germany are prevented in the European electricity generation system. This results in real CO2 emission reduction costs of 66 €(2007)/t CO2. This is to be compared to a CO2 price of 37 €(2007)/t in the
scenario examined in this study.
System effect of additional storage
Non-conventional storage, such as compressed-air and hydrogen storage, was shown not to be
cost-efficient by 2020 in the context of the scenarios examined in this study. In the model calculations, they will not be expanded in accordance with the current market regulations. In the
context of the scenario calculation, the profit margins through storing electricity at off-peak
times with low electricity prices and releasing or selling it at peak times at high prices, are not
sufficient to bring in the fixed costs for storage.
Even under additional consideration of a grid-orientated operation with free-of-charge storage
of the integration capacity, which was identified as non-integrable, storage is shown not to be
cost-effective due to comparatively low efficiency and high investment costs. Storage to integrate all non-transmissible power without the use of OLM and TAL would result in an annual
cost of approximately € 1.6 billion.
In part II of this study, the generation model with additional storage is linked to power flow
models to calculate congestions. The result of these model calculations is that storage contributes only marginally to a reduced need for grid extension – provided the generation capacity,
particularly from wind energy, is fully integrated. This is because the optimised use of storage
leads to changed current flows in the grid, which in turn reach the capacity limits of the
transmission grid.
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OVERALL ECONOMIC ASSESSMENT
A total of nine scenarios were evaluated. The existing grid system (BAS), a system with
overhead line monitoring function (OLM) and a system which takes into consideration hightemperature cables (TAL), were examined. In addition, storage installations were considered,
which can store all (100) or half (050) of the non-transmissible power. 000 stands for the respective system without an exogenous extension of storage to relieve the grid.
Figure:

Yearly costs

For the connection of offshore wind farms (approximately 340 m €/a), the reinforcement and
extension of the onshore transmission grid and coastal storage, the nine scenarios calculated
produce costs of between € 950 million and € 2.36 billion per year. Under the specified assumptions, the extension of the grid with conventional technology and without the use of
storage is shown to be a more cost-effective solution. Additional non-conventional storage
such as compressed-air and hydrogen storage directly in front of congestions would lead to a
clear increase in system costs, whilst barely relieving the grids under the given boundary conditions.
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EXAMINATION OF THE EFFECTS OF AN EXTENSION OF OPERATIONAL LIFE
(EOL) OF NUCLEAR POWER STATIONS ON THE RESULTS OF THE STUDY
On 28 October 2010, shortly before the final approval of the study, the German Federal Government decided to extend the operational life of nuclear power stations in Germany. As this
decision is expected to have an effect on grid extension, the editing consortium examined this
effect in collaboration with the German Energy Agency (dena) using a simplified method.
A review for the regional borders with the largest transmission requirements found no significant changes with regard to the grid extension requirement identified in the study at the target
year of 2020. The delayed changes regarding nuclear power stations can lead to regional
changes in terms of the scope and progression of grid extension requirements during the transition period from now to the year 2020. Once the planned extension of operational life for
nuclear power plants has expired, the EOL scenario will converge with the phase-out scenario, on which the dena grid study II was based. More detailed information can be found in
the appendix.
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OUTLOOK AND RECOMMENDATIONS
1. As an important result of the study, it must be noted that the stored generation scenario
2020 requires extensive grid extension, which must keep pace with the development in renewable energies in future in order to guarantee their full integration into the transmission
grid. Whilst, in accordance with the dena grid study I, additional routes totalling a length of
850 km are required until 2015, the additional routes needed by 2020 increase remarkably
with a length of a further 3,600 km. A delay in the implementation of the measures from the
dena grid study I is already noticeable, with only about ten percent of the discussed route
lengths actually realised to date. For these reasons, the approvals procedures for grid extension must be accelerated, their public acceptance increased and the use of alternative technologies for future grid planning examined.
2. The options for minimising the required grid extension only offer limited potential:
- Overhead line monitoring only offers significant benefits in northern regions with regard
to the optimum use and increased flexibility of the existing grid, as this guarantees the cooling of conductor cables through wind at times of high transport demand.
- The large-scale use of TAL high-temperature cables analysed in the study in existing
routes requires new towers being erected in order to maintain increased ground clearance.
The investments required for this are higher than additive new construction using conventional technology at standard tower heights. Furthermore, it must be examined to what extent new constructions can be realised in existing routes, as the relevant circuits and lines
would be unavailable during construction and necessary works could only be carried out
gradually (or only by means of time- and cost-intensive provisional measures). Based on
these aspects, the serviceable use of high-temperature cables will be very limited.
In addition, the effects of increased circuit utilisation over a wide area should be examined in
terms of protection and stability issues in the transmission grid. It should be investigated, for
example, to what extent the lines can be operated close to their thermal power rating limit.
3. The introduced technology options must be assessed with regard to their system integration, availability and sustainability. There is a high demand for R&D on issues of interconnected operation, system reliability and choice of technology. Consideration must be given to
the fact that only proven technologies can be used for large-scale high transmission tasks and
that such technologies must be available for all development steps to the required extent and
at the required times. With regard to the planning and design of measures on the part of the
manufacturers as well as the Transmission System Operators (TSOs), a signal is required at
the political and legislative level as to which technical option might be preferred, despite
higher costs and for reasons of better acceptance, as the case may be. In order to gain operational experience in good time and achieve the high level of operational reliability required,
pilot projects for the chosen technologies are recommended, for example for:
High current operation using TAL, high-temperature-conductors, conductor cable
monitoring and
overhead power lines with AC/DC hybrid operation.
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The timely availability of suitable equipment requires the adequate support and timely approval of remaining, non-avoidable costs accepted by the German regulator Bundesnetzagentur (BNetzA).
4. The capabilities of wind energy plants with regard to the
voltage support and/or provision of short-circuit and reactive power,
management of voltage dips in case of grid faults and
frequency support and the ability to operate in an islanded mode
are to be developed further in cooperation with the manufacturer. Whilst the voltage and reactive power control is mainly of local importance to reduce downtime of wind farms, the control of grid faults and frequency support/ability to operate in islanded mode are pre-requisites
of system reliability. Due to the fact that they are integrated into the grid predominantly in
subordinate voltage levels, WTs can contribute only marginally to meet the demand for shortcircuit and reactive power.
5. Balancing the resulting fluctuations is an essential factor for the integration of electricity
from fluctuating renewable energy sources into the electricity grid and generation system.
This requires the provision and the targeted use of sufficient peak load capacities and a more
flexible electricity system overall in order to confront the increased variability on spot and
balancing markets. The quality of wind forecasts has an important influence on the demand
for balancing power.
At a continued strong extension of wind energy, improved wind forecasts can keep the demand for balancing power at a relatively low level. As experience in summer 2010 has shown,
System Operators now face a similar problem with photovoltaics. The forecast quality and the
knowledge of existing generation capacity must be significantly improved in the short-term.
Apart from reduced forecast errors, the balancing power dimension is determined by lead
times for the marketing of wind power and photovoltaic power. In light of this, it is planned to
significantly reduce marketing lead times on the electricity market.
A small proportion of the required flexibility could also be provided through the targeted
(price) control of electricity demand (Demand Side Management). The targeted support of
these concepts based on Smart Meters could increase the development potentials and reduce
the demand for balancing power. It is important to use bidirectional technologies, which support central demand management.
In consideration of the support for and the priority of renewable energies and the fulfilment of
climate control targets, the restriction of wind energy plants at times of high wind velocity
and low loads provides an important opportunity to optimise the overall system and is worthy
of more detailed investigation.
Furthermore, it must be investigated to what extent intelligently controlled virtual power
plants, which comprehend wind farms, energy storage systems and other generators, can contribute to the electrical power supply in future and to the provision of ancillary services in particular and what framework conditions are necessary for their integration.
6. Energy storage and additional pumped storage in Southern Germany in particular, can also
make a contribution towards the provision of peak capacity and increased flexibility of the
15
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electricity system. In order to store non-transmissible power at times of high wind velocity
and discharge it at congestion-free times, storage systems must be installed in geographical
proximity to wind energy plants. In Northern Germany, the conditions are beneficial for storage technologies such as compressed-air and hydrogen storage – albeit at high costs. This
study shows that an extension of these expensive storage technologies until 2020 cannot be
expected due to economic aspects and current market regulations. These storage technologies
are not cost-effective, even allowing for the storage of non-integrable generation capacity
free-of-charge. There is a need for research and development in this respect in order to increase the efficiency of storage technologies and reduce their costs.
7. Apart from the technical challenges, there are unfavourable economical developments in
the existing framework conditions, some of which can be seen more and more already today
and which must be expected to increase in future (e.g. negative electricity prices). It must be
investigated to what extent modified framework conditions could contribute to a technically/economically more favourable development of the overall system comprising generation
units, consumers and grids. This particularly applies to current legal provisions, which demand an extension of the grid at a level, which in principle does not require any intervention
in terms of energy generation (free market and free grid access, priority Renewable Energy
Law (EEG)). There is a need for system studies, which show the relationship between the degree of grid extension and the required intervention in terms of power generation and/or the
market.
8. Manpower resources for the approval of infrastructure projects by responsible authorities
are required to deal with the volume of procedures. The considerable need for additional
transmission capacity from 2015 to 2020 puts high demands on all concerned (TSOs, manufacturers, regulatory bodies, suppliers, the public, etc.), which requires close cooperation and
coordination.
9. Outlook beyond 2020: Due to climate control targets and generation scenarios by the EU
and the German Federal Government, the long-term transmission tasks can be expected to
considerably exceed those specified in the dena grid study II. For the realisation of the energy
concept and the planned further extension of renewable energies until 2050, in particular, a
further significant grid extension will be required. This must be taken into consideration for
the choice of technologies and topological definition of the scope of transmission grid extension. The design of the long-term European extension grid (“overlay system”) is the subject of
intensive discussions, during which the technical framework conditions on a European level
must be defined and harmonised. In the period of time examined by the dena grid study II,
some of the available technologies are not suitable to take on significant transmission tasks in
a future overlay system; the rated voltage of HVDC-VPE cables, for example, is still limited.
The transmission grid, which is to be extended in 2020/2025, must be flexible enough to allow an expandability in future. It cannot be precluded that a possible overlay system will have
to be operated at higher rated voltages than the maximum rated voltage of 380 kV currently
used in Germany in order to guarantee cost-efficient and low-loss power transmission. The
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relevant required equipment, overhead lines and cables must be suitable for these rated voltages.
In the context of the assumed extension of renewable energies, the fluctuating wind power capacity until 2020 can be compensated by a large-scale transmission. In case of a further large
extension of wind capacity in Europe (provided it is fully integrated), the use of storage technologies may become necessary in order to make the electricity from renewable energies
available to the market independent of the weather and with a time lag.

17

SHORT SUMMARY

OBJECTIVES AND DESIGN OF THE STUDY
The dena grid study II – on the basis of the dena grid study I (2005) – aims to develop a longterm perspective for the integration of renewable energies, in particular wind power, into the
interconnected German power system. The study develops solutions for future challenges,
which are becoming apparent for the period from 2015 to 2020. The aim of the study “Integration of Renewable Energies into Germany’s Electric Power System in the Period 20152020” is the evaluation of different options for an optimal integration of wind energy into the
grid."
The study consists of three parts:
Part I:

Generation of time series of the feed-in of electricity from wind power and
other renewable energies for the year 2020

Part II:

Determining the effects on the grid

Part III:

Focus analysis for increased flexibility: potential for increased flexibilities in
the electricity system for the best possible integration of renewable energies

Part I gives a representation of the wind power generation in 2020. Geographically differentiated scenarios for installed wind power capacity are developed, on the basis of which time series of the wind power feed-in into 1186 high and extra high voltage nodes and 46 offshore
wind farms are generated in a 15 minute resolution. The time series thus convey a clear nodespecific picture of the expected feed-in through wind energy. The detailed statistical analysis
of the time series gives characteristics of the future wind power generation.
Part II of the study is the grid-related investigation, taking into account the findings of the
node-specific results from part I and the options for increased flexibility determined in part
III. This investigation aims at adapting the transmission grid to the future needs for 2015 to
2025. An overall concept needs to be developed for the transmission of capacities from offshore WTs in the North and Baltic Seas to the onshore load centres, taking into account the
interactions with the interconnected power system.
Part III of the study looks at the interdependency of increased capacity from renewable energies, particularly wind power capacity, and conventional power stations. Options to increase
flexibility in the electricity generation market for the period from 2015 to 2025 are investigated, which could help integrate the surplus wind energy infeed, which was identified in part
II, into the grid. The analysis focuses on the improvement of forecast quality in relation to
wind energy infeed, the identification of potential from load management and its effects, the
provision of balance and reserve power through renewable energies and the use of proven and
new storage technologies. The contribution of these options to increase flexibility and their interaction with the electricity system are quantitatively investigated on the basis of models.
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PART I
GENERATION OF TIME SERIES FOR THE FEED-IN OF
ELECTRICITY FROM WIND POWER AND OTHER
RENEWABLE ENERGIES FOR THE YEAR 2020
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1

Comparison of wind energy development until
2007: scenarios from the dena grid study I and
actual development

In the context of the dena grid study I, DEWI has developed the scenarios for wind energy
development up to the year 2020. The grid calculations in the dena grid study were based on
the “dena specialist council scenario”, which was approved by the specialist council commissioned to compile the study. The “DEWI scenario” features an alternative examination with a
few modified assumptions for the scenario development.1
The years 2007, 2010 and 2015 and 2020 were used as reference values for the generation of
scenarios. Based on the available data for wind energy development in Germany, the values
of scenarios examined in the dena grid study I will be compared below to the actual development up to the end of 2007.

1.1

Wind power expansion scenarios in the dena grid study I
1.1.1

dena specialist council scenario

The “dena specialist council scenario” developed in the dena grid study I was based on the
following assumptions:
The installed capacity on land earmarked for wind energy use was determined based on an
average land requirement of 7 hectares per megawatt (ha/MW) of installed wind power.
Contrary to this, the examination for Lower Saxony and Brandenburg was based on an
average land requirement of 10 ha/MW. This is due to a resolution passed by the specialist
council for the dena grid study I, which specified a land requirement value of 10 ha/MW
for Lower Saxony and Brandenburg as an assumption for the study.
The potential for wind energy utilisation determined through the above approach was reduced by 20% overall (whilst considering already established plans separately). This flatrate reduction takes into account any potential constraints, which could limit the full use
of designated wind areas.
The distribution of the determined expansion potential was based on a timescale, which
follows the previous development of wind energy expansion in the relevant Federal state.
With regard to the development of repowering, wind turbines (WTs) were subdivided into
plants, which were commissioned before 1998 and those newly installed after 1998 (with the
appropriate planning reliability through the revision of the German Federal Building Code
(BauGB).
According to the scenario, one third of the existing wind turbines, which were erected before
1998, will be replaced in the course of “repowering” measures, 50% after 12 years and 50%
after 15 years respectively. With regard to these repowering measures, it was assumed that
1 Dena (2005)
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that wind power will triple due to the replacement of smaller wind turbines with a plant configuration favourable to repowering. The rest of the old turbines will not be taken into account
separately, based on the assumption that WTs, which cannot be replaced at their current location, are operated for more than 20 years prior to dismantling and that repowering measures
do not actually result in increased power output in some cases. The scenario assumes that all
wind turbines, which were newly commissioned from 1998 onwards, will be subject to “repowering” measures. In this context, the dena specialist council passed a resolution to assume
for the purpose of this investigation that half of the existing wind power plants will be replaced after 15 and 20 years respectively with an average increase in power output to the factor of 1.2.
In terms of offshore expansion development in the North Sea (and in contrast to the projectspecific analysis of spring 2004 by DEWI in the dena grid study I), a connection power of 640
MW in Böxlund and 1,900 MW in Brunsbüttel for Schleswig-Holstein and 1,928 MW for
Lower Saxony were factored in for 2010. In the Baltic Sea – also in contrast to the projectspecific DEWI analysis – an installed capacity of 226 MW was assumed for the grid connection point Bentwisch.
Table 1-1:

Wind energy expansion until 2020 according to the “dena specialist
council scenario”

Year
2007
2010
2020

Onshore
21.264
23.264
24.386

Repowering
504
1.083
3.468

Offshore
651
5.439
20.358

Total
22.419
29.787
48.212

Source: dena (2005)

1.1.2

DEWI scenario

The “DEWI scenario” differs from the “dena specialist council scenario” described in section
1.1.1 in terms of the following assumptions:
An average land requirement of 7 ha/MW was assumed for all Federal states, including
Lower Saxony and Brandenburg.
For all WTs, which were newly commissioned after 1998, the scenario assumes that one
third of the existing wind turbines will be “repowered” after 12, 15 and 20 years respectively. These repowering measures are expected to yield an average capacity increase to
the factor of 1.4, i.e. 1 MW will be replaced by 1.4 MW. In this respect, the optimised use
of land during the construction of larger WTs and a reduced land requirement of 5 ha/MW
is assumed for all repowered WTs.
The estimated expansion development for offshore wind energy in the scenario was solely
based on a project-specific analysis as of spring 2004.
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Table 1-2:

Wind energy expansion until 2020 according to the “DEWI scenario”

Year
2007
2010
2015
2020

Onshore
21.260
24.540
26.544
26.544

Repowering
768
1.503
3.601
7.056

Offshore
476
4.382
9.793
20.358

Total
22.864
30.426
39.938
53.958

Source: dena (2005)

1.1.2.1

State of wind energy utilisation – end 2007

Based on the figures by wind turbine manufacturers on the new installation of plants, DEWI
has maintained nation-wide statistics on the use of wind energy since the early 1990s, which
are updated twice a year.
The dena grid study I was compiled based on the actual situation as of end 2003. The following chart (Figure 1-1) shows the development of wind energy in Germany up to the end of
2007. According to DEWI statistics, a total wind power capacity of 22,247 MW was in operation in the whole of Germany as of 31.12.2007.2
Figure 1-2 below illustrates the regional distribution of wind energy use as of 31.12.2007.

Development of newly installed wind power capacity per year in
Germany
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2 DEWI (2008)

22

Comparison of wind energy development until 2007: scenarios from the dena grid study I and actual
development

Figure 1-2:

Installed wind power capacity per federal state (as of 31.12.2007)
2.522 MW
1.326 MW

5.647 MW
3.359 MW
2.786 MW
2.558 MW
808 MW
476 MW

677 MW

1.122 MW
69 MW
387 MW
404 MW

Source: DEWI

1.1.2.2

Comparison and evaluation

Table 1-3 compares wind energy status figures as of end 2007, on which the scenarios of the
dena grid study I was based, with the real power output as of 31.12.2007 according to the
DEWI statistic.

Table 1-3:

Comparison of wind energy expansion scenarios in the dena grid
study I with the actual situation as of end 2007
Region

Coast

Inland North

Inland Centre

Federal State

Status end of 2007 Status end of 2007 Assets Assets 2007 Assets 2007
31.12.2007 / dena SC
according to
according to
/ DEWI
in MW
dena SC scenario DEWI scenario
scenario
scenario
in MW
in MW
in MW
in MW

Schleswig-Holstein

2.503

2.574

2.522

19

-52

Lower Saxony

4.604

5.358

5.647

1.043

289

Meckl.-West. Pomerania

1.526

1.464

1.326

-200

-138

North Rhine-Westfalia

3.409

3.205

2.558

-851

-647

Saxony-Anhalt

2.627

2.485

2.786

159

301

Brandenburg

3.190

3.543

3.359

169

-184
273

Rhineland-Palatinate

854

849

1.122

268

Saarland

75

72

69

-6

-3

Hesse

595

541

476

-119

-65

Thuringia

631

634

677

46

43
-78

Saxony

881

886

808

-73

Baden-Württemberg

409

356

404

-5

48

Bavaria

353

312

387

34

75

21.768

22.388

22.247

479

-141

Inland South
Total (incl. assets in HB and HH):

Source: DEWI
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It is apparent that the total installed wind power capacity in Germany as of end 2007 (22,247
MW) largely corresponds with the figures in the scenarios in the dena grid study I (21,768
MW and 22,388 MW respectively).
A more detailed regional examination, however, shows deviations in several areas to a greater
or lesser extent. Table 1-4 below shows the planning regions, in which actual development
differs considerably – i.e. by more than 50 MW – from the figures in the “dena specialist
council scenario” for 2007. Figure 1-3 illustrates that, particularly in Lower Saxony and North
Rhine Westphalia, the regional development of wind energy expansion differs significantly to
that assumed by the “dena specialist council scenario”. The example of Lower Saxony shows
that many regions throughout the federal state have seen a much more substantial increase,
whilst the differences in North Rhine Westphalia were mainly due to the development in the
Münster planning region.
Table 1-4:

Regional deviations in wind energy development until 2007 compared to the “dena specialist council scenario”

Regionally important deviations ( >50 MW):
= Assets - Scenario dena specialist council (as of end of 2007)
Federal State

Planning region

Schleswig-Holstein

in MW

Federal state

+19

Rhineland-Palatinate

Planning region

in MW
+268

Schl.-Hol. Südwest

- 143

Mittelrh.-Westerw.

+105

Schl.-Hol. Nord

+148

Trier

+148

Lower Saxony

+1.043

Saarland

-6

Hannover

+379

Lüneburg

+250

North Hesse

-119
- 94

Weser-Ems

+314

South Hesse

- 59

-200

Thuringia

+46

Vorpommern

+128

Saxony

- 73

Meckl.-West. Pomerania
Westmecklenburg
North Rhine-Westphalia

- 252
- 851

Düsseldorf
Münster
Saxony-Anhalt
Magdeburg
Brandenburg

- 56

Franken-Heilbronn

+52

-5
Nordschwarzwald

- 1.014
- 83

Ob. Elbtal/Osterzg.
Baden-Württemberg

+94
+159

Halle

Hesse

Bavaria

- 75
+34

Würzburg

+63

+131
+169

Uckermark-Barnim

- 68

Lausitz-Spreewald

+55

Havelland-Fläming

- 50

Oderland-Spree

+78

Prignitz-Oberhavel

- 71
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Figure 1-3:

Regional deviations in wind energy development until 2007 compared to the “dena specialist council scenario”

19 MW
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+
-
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- 6 MW
34 MW
- 5 MW

Source table and figure: DEWI

The current study does not attempt to redefine the designation and/or use of land for wind energy nor to update the scenario development from the dena grid study I. However, the following section briefly discusses the development of wind energy expansion until the end of 2007
in Lower Saxony and North Rhine Westphalia as well as Mecklenburg-Western Pomerania
and Rhineland-Palatinate, as in parts these differ considerably from the dena specialist council
scenario.
Lower Saxony:
Within an examination from February 2006, DEWI carried out a – much more detailed compared to the dena grid study I – estimate of feed-in potential from wind energy for Lower
Saxony, in which all administrative districts participated.3 The result of this study shows that
the land requirement value of 10 ha/MW assumed by the dena specialist council scenario does
not accurately reflect the situation in Lower Saxony. Instead, the figure of 7 ha/MW, which
was established by the “DEWI scenario” in the dena grid study I, proved to be a realistic
mean value.
The significantly higher expansion figures in Lower Saxony between 2004 and 2007 can
therefore be explained by the significantly higher additionally usable wind energy potential.

3 DEWI (2006)

25

Comparison of wind energy development until 2007: scenarios from the dena grid study I and actual
development

The investigation concluded a total wind energy potential for Lower Saxony of 7,817 MW,
i.e. 46.5% more than the “dena specialist council scenario”. It must be noted, however, that
the study did not assume a flat-rate reduction of potential by 20%, which results in a significantly higher overall potential for wind energy, even compared to the “DEWI scenario”.
North Rhine-Westphalia:
It was already indicated in dena grid study I that the remaining potential for wind energy use
identified for North Rhine-Westphalia was predominantly due to extremely large designation
areas based on the area development plan for the administrative district of Münster, part 3 for
the section Münsterland dated 6.12.1999.
A comparison of the scenarios in the dena grid study I with the wind energy expansion actually realised since 2003 shows that the identified potential has so far only been utilised to a
very small extent. Instead of an expansion of 1,700 MW as expected in the “dena specialist
council scenario“, a wind power output of only 650 MW had been achieved by the end of
2007.
In view of this, DEWI carried out research regarding the current situation in the administrative district of Münster. On enquiry, the responsible planning authority of the administrative
district of Münster confirmed the current validity of the area development plan of 1999. There
have been no changes, updates or additions so far, but there are plans for an update of the area
development plan.
In September 2007, a ruling by the Higher Administrative Court in Münster (file reference:
8A 4566/04) confirmed the lawfulness of the area development plan for the administrative
district of Münster – section Münsterland.4 When compiling the area development plan and
designating 119 areas suitable for wind power use, the responsible planning authority failed to
take into account immission control-specific distances to individual farm buildings and residential areas and, due to its urban development character, referred the case to the communal
land-use planning level. Against this background, the local authorities defined suitable areas
specified in the area development plan more precisely with regard to land-use planning. As a
consequence, the local authorities finally only adopted about 50% of the approximately
24,000 hectares (ha) of land designated suitable for wind energy in the area development plan
with a total of 65 land-use planning cases.
Overall, it is apparent that the significantly reduced expansion of wind energy in North RhineWestphalia compared to the scenarios in the dena grid study I was mainly due to the above
mentioned drastic reduction of usable permitted wind energy areas in the administrative district of Münster. Based on this alone, just over a third of the remaining potential determined
for North Rhine-Westphalia – approximately 3,000 MW overall – is lost.
Finally, it must be pointed out that the further expansion of wind energy utilisation was a
heavily disputed subject in the 2005 election campaign in North Rhine-Westphalia. As a result of the change of government in May 2005, the previous support by the governing coalition SPD and Bündnis 90/Die Grünen (the Green Party) was displaced by a considerably more
restrictive approach to wind energy under prime minister Rüttger’s CDU/FDP administration.
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This situation is expressed in the Wind Energy Order of 21.10.2005 in particular, which has
resulted in clear limitations with regard to the realisation of wind energy projects due to, for
example, new distance regulations.5
Mecklenburg-Western Pomerania:
Mecklenburg-Western Pomerania has seen a slightly weaker expansion of wind energy in recent years than expected in the dena grid study scenarios.
This development must be seen against the background of the federal state planning programme for Mecklenburg-Western Pomerania, in which the state government presented a new
spatial planning framework in summer 2005. The definition of new criteria has also resulted
in the revision of regional plans in the four planning regions of the state. As of spring 2008,
the regional spatial development programmes are being reordered and areas re-designated in
terms of suitability for the utilisation of wind power. According to a report in the “Neue Energie” magazine, a significant extension of areas designated for wind energy use can be expected.6 In addition to the areas previously designated as suitable – approximately 10,000
hectares overall – a further 3,700 hectares are to be designated suitable for wind energy use.
It must be pointed out at this stage, however, that the recommended distances for wind energy
plants have been tightened since the “Advice for the Planning and Approval of Wind Turbines
in Mecklenburg-Western Pomerania” came into force in October 2004.7
Based on available information, the total potential for wind energy utilisation in Mecklenburg-Western Pomerania is expected to rise due to the state-wide realignment of regional spatial development programmes.
Rhineland-Palatinate:
Rhineland-Palatinate has seen a slightly stronger increase in wind power than expected in the
dena grid study I scenarios. One reason for this development must be seen in the fact that –
contrary to, for example, North Rhine-Westphalia (see above) – the expansion of wind energy
in Rhineland-Palatinate took place in a positive political environment and was supported by
the state government through the creation of favourable framework conditions. As an example, the framework conditions for the utilisation of wind energy in woodland were defined in
a state government newsletter in January 2006. 8
In view of the slightly accelerated expansion development overall, there is no reason for a
fundamental re-evaluation of the overall potential for wind energy utilisation in RhinelandPalatinate.

4 OVG Münster (2007)
5 NRW order (2005)
6 Neue Energie (11/2007)
7 MVP publication (2004)
8 RPF newsletter (2006)
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Repowering:
When determining newly installed wind power capacity, there is a fundamental systematic
difficulty in completely and unequivocally determining increased capacity achieved through
repowering measures. This is due to the fact that the wind energy statistics in the DEWI database are based on information from wind turbine manufacturers on new installations in the
previous calendar (half) year.
In order to determine the increased power output achieved through repowering measures, additional information is necessary as to whether and to what extent old wind turbines have been
decommissioned. Such information is often only communicated accordingly by manufacturers
of newly installed WTs if the turbines dismantled in the course of repowering measures were
from the same manufacturer. Information on dismantling existing wind turbines from “thirdparty” manufacturers is, however, not always available (or only partly communicated as onsite information).
Furthermore, some projects do not specify that the new WT replace old, dismantled machines,
for example if smaller individual turbines are dismantled in the wider periphery of the newly
built plant.
On the other hand, it must be pointed out that in light of the (still) manageable scope of repowering projects, most cases are featured in the (trade) press.
Based on available information, it can be shown that the total increased power output
achieved through repowering is merely 294 MW, which is only about 63% of the value expected in the “dena specialist council scenario” by the end of 2007. Even if the above mentioned uncertainties with regard to data capture are taken into account, it must be noted that,
thus far, the repowering potential has only been utilised to a small extent.
Overall, it can be said that the relatively good concordance of scenarios in the dena grid study
I with the actual development is the result of a slightly stronger onshore expansion and a correspondingly slightly lower increase through repowering.
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2.1

Onshore wind energy utilisation

The observations of the dena grid study were based on the state of wind energy utilisation at
the end of 2003. The market development between 2004 and 2007 shows that the declining
trend of newly installed wind power capacity per year has continued (Figure 1-3) as expected.
Only 2006 saw a different development in the interim, which was, however, based on marketrelated special influences (such as project deferments to 2006 as a result of bottlenecks in relation to approvals and shortages in terms of component availability).
The onshore wind energy market in Germany is currently (as of summer 2008) characterised
by the following framework conditions:
In many regions, there are no longer any basic changes regarding the designation of areas
permitted for wind energy utilisation within the framework of town planning and/or urban
land use planning. There are, however, regional adjustments and extensions of current
area designations, e.g. re-evaluation of the situation when existing plans are updated.
The availability of areas or partial areas, which are not yet built-up and in which new wind
tubines could be operated cost-effectively, is further decreasing. Increasingly, the designated wind energy areas are already fully utilised.
Due to existing restrictions, such as the definition of construction height restrictions and
large minimum distances for wind energy plants, the potentially available areas cannot be
used to a degree which would allow the most cost-effective operation of modern WTs of
2-3 MW size with large rotor diameters and high hub heights.
To date, only a small number of repowering projects have been realised overall. Development in recent years has shown that the repowering potential is only being used to a
limited degree while the number of old wind turbines increases. This is mainly due to
economic conditions and planning restrictions (construction height restrictions and distance regulations).
The cost situation for wind energy utilisation has drastically intensified in recent years so
that it is becoming increasingly difficult to operate new projects cost-effectively due to
continuously decreasing availability of space and quality of locations. Different factors
must be mentioned here, which have resulted in growing cost pressure with regard to the
realisation of wind energy projects:
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-

reduction of the feed-in reimbursement by 2% per year for newly installed wind energy projects in accordance with the 08/2004 version of the Renewable Energy
Sources Act (RESA);

-

Effect of general price increases, as the RESA reimbursement models do not provide
for an inflationary compensation;

-

Rise of capital market interest rates from 3 to 5% since autumn 2005 with considerable impact on project profitability;

-

Increased pre-financing costs due to long WT delivery times and to some extent capacity shortages with regard to the manufacture of wind turbines and components;

-

Rise in wind turbine prices by up to 20% as a result of strong price increases for steel
and copper as well as rising energy prices;

In principle, it is to be expected that, with favourable planning legislation, the available residual potential will be utilised as promptly as possible – particularly against the background of
continuously ever decreasing feed-in reimbursements for projects which are commissioned
later and in view of growing cost pressure.
In addition to the above remarks from summer 2008, it must be noted that the economic conditions for wind energy utilisation have changed positively from various points of view during
the period of examination. Particularly noteworthy in this respect are the RESA amendment
2009 (see section 2.1.1) and the reduced cost pressure resulting from the financial and economic crisis (reduction in capital market interest rates as well as energy and commodity
prices).
This study assumes in principle that the further expansion development of renewable energies
will take place against the background of positive framework conditions. In this respect, the
scenarios, on which the study is based, form a realistic foundation.

2.1.1

Improved framework conditions through the RESA amendment 2009

On 1.1.2009, the amended Renewable Energy Sources Act (RESA) came into force, which
was passed by the upper and lower houses of Germany’s parliament (Bundestag and Bundesrat) in summer 20089. The RESA amendment aims to increase the proportion of renewable
energies in Germany’s electric power system to at least 30% by 2020. The revision of this act
keeps to the same basic structure and retains the reference yield model for the reimbursement
of electricity generated through wind energy. The RESA amendment improves the general
conditions for wind energy utilisation in different areas.
Wind turbines, which are commissioned in 2009, receive an initial reimbursement of 9.20 ct
€/kWh – instead of 7.87 ct €/kWh according to RESA regulations from 2004. After the initial
reimbursement has expired, the basic reimbursement applies (for WTs commissioned in 2009:
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5.02 ct €/kWh), as long as the maximum compensation period (20 years plus the year of
commissioning) has not yet been reached.For wind turbines, which are commissioned in the
following years, the initial and basic reimbursement decreases by one percent per year (degression). The initial and basic reimbursement for the calendar year of commissioning does,
however, apply to the entire compensation period.
The improved reimbursement and a decrease in annual degression for new installations from
2% to 1% are designed to counteract the increasing cost pressure for the realisation of wind
energy projects (see above). As before, the RESA amendment 2009 does not provide for an
inflationary compensation to balance future price increases.
The initial reimbursement increases by a further 0.5 ct €/kWh for new plants, which replace
old wind turbines in the course of repowering measures, on condition that the replaced turbines are from the same or a neighbouring administrative district and has been in operation for
at least ten years. In addition, the new plant must supply at least twice (and maximum five
times) the power of the old one. It is hoped that the “repowering bonus” will help tap into
hitherto barely utilised potential for replacing old small machines with modern wind turbines.
Furthermore, it aims to “consolidate land” in wind energy “pioneer regions” in order to produce more electricity with fewer wind turbines.
WTs, which are commissioned before 1.1.2014 and fulfil certain technical requirements to
improve grid integration (voltage and frequency control), also qualify for a “system service
bonus“, which increases the initial reimbursement by another 0.5 ct €/kWh. Old wind turbines, which were commissioned between 2002 and 2008, are eligible for a system service
bonus of 0.7 ct €/kWh for the duration of five years, if they were upgraded accordingly before
1.1.2011.
The following figure provides an overview of the reimbursement level for new onshore WTs
depending on the year they were commissioned. For the period between 2004 and 2008, the
development is shown with an annual degression of 2% in accordance with RESA 2004; from
2009 to 2014, the figure shows the curve according to the new RESA with a degression of 1%
per calendar year. This figure also illustrates that an increase of the initial reimbursement by a
further 0.5 ct €/kWh can be achieved between 2009 and 2013 with the system service bonus.

9 RESA amendment 2009 (2008)
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Figure 2-1:

Development of RESA reimbursement for onshore WTs in the period between 2004 and 2008 and after the coming into force of the
RESA amendment 2009
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Overall, the adoption of the RESA amendment underlines that the German Federal Government and a wide majority of the parties represented in Germany’s Bundestag support the ambitious national targets with regard to climate protection and the increased utilisation of renewable energies. These objectives envisage a reduction of greenhouse gases by 40% based
on values from 1990 with renewable energies providing 18% of the final energy demand and
at least 30% of electricity supply by 2020.

2.2

Offshore wind energy utilisation

At the time of conducting the dena grid study I, the responsible Federal Maritime and Hydrographic Agency (BSH) had licensed seven offshore wind farms (OWFs) in the North Sea. As
of 30.9.2008, the BSH had approved 17 offshore wind farms in the North Sea and 3 projects
in the Baltic Sea, as well as the subsea cable routes for five projects in the North Sea and one
in the Baltic Sea. In addition, two offshore wind farms were approved in the Baltic Sea within
the 12 nautical mile zone; two projects in the North Sea were granted the so-called provisional
decision on the choice of site in accordance with the Federal Immission Control Act.
The following maps of the North Sea (Figure 2-2) and the Baltic Sea (Figure 2-3) provide an
overview of approvals and applications for offshore wind farms off the German coast. As of
3.7.2008, 1,592 wind turbines (approximately 7,500 MW) had already been approved in the
North Sea and the Baltic Sea and applications for a further 3,248 WT (approximately 16,200
MW) had been submitted.
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Figure 2-2:

Approved and planned offshore wind farms in the German North Sea
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„Borkum“
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Source: BSH / DEWI, as of 04.08.2008

Figure 2-3:

Approved and planned offshore wind farms in the German Baltic
Sea
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Source: BSH / DEWI, as of 04.08.2008
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According to available information, there have been relatively few changes in the region of
the Baltic Sea as well as for “Sylt”, “Helgoland” and “Borkum” in the North Sea, most of
which relate to applications for the extension of existing plans compared to the state of planning known at the time of conducting the dena grid study I.
In the Baltic Sea, the “Adlergrund” (288 MW) and “Pommersche Bucht” (350 MW) projects
did not get approval, so that these plans were not pursued. On the other hand, several smaller
project plans with 100-200 MW each and partly overlapping planning areas and the “Arcadis
Ost 1” (350 MW) project planned within the 12 nautical mile zone were added.
A new project plan (“OWF West” with 400 MW) in the Borkum region and two new projects
(“Kaskasi” (200 MW) and “Hochseetestfeld Helgoland” (95 MW)) in the Helgoland region
have been added. Furthermore, various applications for extensions of existing project plans
have been submitted, predominantly in the Borkum region.
There were significant changes in the “Offene Nordsee” (Borkum II) region, where plans for
the high-performance “Forseti” (10,000 MW) as well as the “Jules Verne” (3,000 MW) and
“TGB North” (2,500 MW) projects have been suspended. On the other hand, 21 new project
plans comprising 1,832 wind turbineswith a total power output of more than 9,000 MW were
received, which were not considered in the dena grid study I. These newly planned offshore
wind farm projects, most of which were submitted after autumn 2007, must be seen against
the background of the preparation of a regional planning programme by the BSH for the German Exclusive Economic Zone (EEZ) in the North Sea and the Baltic Sea.
It must be pointed out that the planned total power output following completion (expansion
stages after start of the pilot phase) is presently still not clear for many projects.
Despite advances in terms of project development and contrary to expectations from the scenarios in the dena grid study I, not a single offshore wind farm was realised in Germany by
the end of 2007. However, the effect of influencing factors on offshore wind power generation, which were illustrated in detail in the dena grid study I, became apparent. Furthermore,
experience has also shown that the planned projects off the German coast could not be realised within the existing framework conditions.
For offshore applications, too, the impact of the growing cost pressure on wind energy becomes apparent (see section 2.1). In addition, the high demand on international wind energy
markets, in particular, as well as existing capacity shortages inhibit the realisation of planned
offshore wind farms off the German coast.
In a joint investigation carried out in 2007, DEWI and the Bremer Energie Institut analysed
the capacity requirement for the integration of offshore wind farms in the North Sea. 10 A
similar study was also carried out for the German Baltic Sea region. These examinations have
shown that the time-related feasibility of planned offshore wind farms is significantly affected
by capacity shortages during the production of offshore wind turbines, the availability of installation ships and the production of subsea power cables. Figure 2-4 shows the results of capacity requirement estimates as well as the offshore expansion expected in the “dena specialist council scenario”. It is apparent that the expansion is expected to be significantly delayed
in comparison to the dena grid study I scenario.
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Figure 2-4:

Offshore wind energy development in accordance with the “dena
specialist council scenario” and the capacity requirement estimate
from 2007
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Finally, it must be pointed out that first experiences with the operation of WTs of the 5 MW
class are now available. After the first 5 MW prototypes were built at the end of 2004, there
are now 16 REpower Systems and four Multibrid WTs in operation. REpower has also gained
some experience with offshore installations. In 2007, two REpower 5Ms were commissioned
off the Scottish coast; a further six 5 MW wind turbines of the same type were built in autumn
off the Belgian coast. As a new supplier, Bard Engineering has commissioned three prototypes of their 5 MW machines since the end of 2007, one of which in the nearshore region off
Wilhelmshaven.

2.2.1

Improved framework conditions for offshore wind power

Recently, the German Federal Government has created improved framework conditions for
the utilisation of offshore wind energy. This was based on the awareness that – due to existing
risks and imponderabilities as well as insufficient operational experience – significantly
higher costs must be estimated for the realisation of offshore wind farms than previously assumed. The situation was further aggravated by the significant rise in energy and commodity
prices as well as wind turbine costs in recent years.

10 DEWI / BEI (2007)
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Based on the “Infrastructure Planning Acceleration Law”11, which has been in force since
17.12.2006, transmission system operators are obliged to provide grid connection for offshore
wind farms in their contractual zone and bear the relevant costs. If it can be proven that required capacities have been supplied efficiently and in line with demand, these costs can be
included in the calculation through grid fees and recovered by allocating them to electricity
tariffs. Whereas the previous regulation stipulated that project planners had to bear these costs
alone, with no entitlement to reimbursement, this change produces a considerable cost saving
of approximately 25% of the total cost of realisation of offshore wind farms.
Furthermore, from 2009 the reimbursement for offshore wind farms increased significantly on
the basis of the RESA amendment passed in summer 2008 – by more than 70% compared to
the previous provision. Offshore wind turbines, which are commissioned until 31.12.2015 at
the latest, are subject to an initial reimbursement of 15 ct €/kWh over a period of 12 years.
Depending on site conditions (i.e. distance from the coast and/or water depth), this period can
be further extended. This new regulation brings the reimbursement schedule for offshore wind
farms in line with other European countries.

2.2.2

Draft regional planning programme for the North and Baltic
Seas

On 13.06.2008, the German Federal Ministry of Transport, Building and Urban Affairs presented the draft ordinance for regional planning in the German Exclusive Economic Zone 12
(AWZ) through the Federal Maritime and Hydrographic Agency (BSH).
The regional planning programme for the North Sea and the Baltic Sea provides for the designation of wind energy priority areas in order to control the use of areas in the German Exclusive Economic Zone. The general inadmissibility of offshore wind energy plants outside of
designated priority areas, which the draft initially presented by the BSH provided for, was
later limited to Natura-2000 areas. The provision excludes already approved offshore wind
farms and projects, “which were already consolidated in relation to planning law at the time
the regional planning programme came into force”. Projects are considered “consolidated in
relation to planning law”, if they have been publicly announced and their application and environmental impact study have been publicly displayed.
The regional planning programme specifies the priority areas “North of Borkum”, “East of
Austerngrund” and “South of Amrumbank” in the North Sea and “Kriegers Flak” and “West
of Adlergrund” in the Baltic Sea. The “Sylt” region identified in Figure 2-2 and large areas of
the “Borkum II” region are not considered priority areas. Table 2-1 gives an overview of area
designations and the current situation with regard to planning and approval for offshore wind
power (as of June 2008).

11 BGBl. (2006)
12 BSH (2008)

36

Current market assessment with regard to perspectives for wind energy expansion

Table 2-1:

Area designations and current planning and approval situation for
offshore wind power
Total size
2
(km )

Piority areas
North Sea
Piority areas
Baltic Sea

Max. MW
wind farms
(wind farms, Occupancy
(WTs),
rate
applied for applied for
approval)*
approval

880

11 (697)

3485

11 (656)

3280

42%

130

3 (240)

1200

3 (30)

150

71%

7 (560)

2800

0**

0

21 (1497)

7485

14 (686)

3430

OWF outside of
priority areas
Total

Max. MW
Approved
wind farms (approved
wind farms)*
(WT)

1010

46%

* = calculative capacity if 5 MW wind turbines are us ed
** = wind farms merely consolidated in relation to planning law (June 2008)
*** = wind farms approved and consolidated in relation to planning law (June 2008)

Source: BMVBS (2008)

It must be pointed out at this stage that the designated definition of priority areas for a realisable wind power capacity of initially only about 11,000 MW does not provide for sufficient
area to achieve the Federal Government’s expansion target for offshore wind power of 25,000
to 30,000 MW by 2030.

2.3

Assessment of scenarios in the dena grid study I

The international wind energy market is characterised by strong growth and a high demand
for wind turbines. The German market has forfeited the leading role it has held for many years
with regard to the annual increase in wind energy. Thus, with an installed capacity of newly
built wind power plants of 1,667 MW, Germany only reached rank 5 worldwide in 2007.
Against the background of the current market development and the outlined general conditions, onshore wind energy utilisation is expected to shift increasingly towards repowering, as
new locations diminish. The RESA amendment improves the basic economic conditions for
projects commissioned from 2009 onwards. In the context of recently growing cost pressure,
these improvements facilitate the realisation of projects in hitherto unused sites. However,
stronger onshore expansion cannot be expected without the designation of additional wind
priority areas on a large scale.
From today's point of view, the trend towards further expansion of onshore wind energy outlined in the dena grid study I can therefore be confirmed in principle. It must be noted, however, that more new wind turbines were installed than expected in some regions, whilst repowering has not reached the levels expected by the dena grid study I. Whether the repowering potential can be better utilised within the new framework conditions in the wake of the
RESA amendment remains to be seen.
Recently, the general conditions for offshore wind energy utilisation have improved significantly. The obligation of transmission system operators to provide offshore grid connection
and the significantly increased feed-in reimbursement for offshore wind farms in the wake of
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the RESA amendment are of particular interest in this context. In light of these improved
framework conditions, clear advances can be seen with regard to the realisation of project
plans. This is apparent, for example, in a growing interest of investors to finance planned projects. Based on current supply agreements, the first offshore wind farms off the German coast
will be ready for operation as from 2009.
Due to high demand for wind turbines on international wind energy markets and the fact that
production and installation capacities are still being developed, the progress of offshore wind
energy utilisation is currently impeded to a large extent by capacity shortages. For this reason,
offshore development is expected to be delayed further – beyond the delays we are already
witnessing. Nevertheless, the development of offshore wind energy is expected to become
much more dynamic in the next few years. This is based not least on the fact that the German
Federal Government has repeatedly confirmed to support the use of offshore wind energy as
an instrument for Germany’s climate protection policy. Compared to the scenarios in the dena
grid study I, the development of offshore wind energy can therefore be expected to be delayed
by approximately five years.
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3

Review of the scenario regarding onshore wind
energy development

Based on the decision of the Project Steering Committee of the dena grid study II dated
6.5.2008, the scenarios for the development of onshore and offshore wind farms and the expansion of other renewable energies set out by the dena grid study I were reviewed in order to
take into account current developments and information for the current study.
Based on the values determined for the dena grid study I (see dena (2005)), the following approaches were used for the modified scenario for the development of onshore wind energy:
a land requirement value of 7 ha/MW was assumed for all federal states
the flat-rate deduction of 20% from the remaining potential from 2004 onwards, which
was assumed in the dena grid study I (due to various restrictions), has been abolished; in
line with a basically optimistic expected development, it is therefore considered that existing obstacles (such as height restrictions and restrictive distance rules) can be eliminated
in the medium term;
the repowering potential remains unchanged as per dena grid study I (cf. section 1.1.1)
This approach was applied in each case to the entire federal state. Regionally-focused examinations were not possible in the course of these investigations due to the largely cumulative
nature of area data.
Furthermore, it was attempted to determine the size of current designated priority and permitted areas for wind energy utilisation (WVS). If actual numbers were available, the increase in
area was also added with a land requirement value of 7 ha/MW to the determined potentials in
accordance with the above mentioned approach.
For the federal states of Lower Saxony, Mecklenburg-Western Pomerania, North RhineWestphalia and Schleswig-Holstein, the installed wind power capacity outside of WVS was
also taken into account. For Schleswig-Holstein, an installed capacity of 320 MW outside of
WVS was determined based on a prognosis from 2005.13. On the basis of a publication by the
federal state government, the power output from wind turbines outside of WVS of 145 MW
was used for Mecklenburg-Western Pomerania14. Due to the early development of wind energy in North Rhine-Westphalia, it is appropriate to also take into account wind turbinesoutside of WVS in this federal state. The share of installed wind power capacity outside of WVS
was estimated at 10% of the overall development of 2007 (256 MW) within the context of this
study.

3.1

Additional information identified for individual federal states

Against the background of a tight timeframe, the current study attempts to update the size of
designated wind areas wherever possible. For this purpose, freely available information from

13 Windtest KWK (2005)
14 MU MVP (2002)

39

Review of the scenario regarding onshore wind energy development

the internet was collected. For some federal states, this was backed up by further telephone research. Coastal states and the “second row states” (North Rhine-Westphalia, Saxony-Anhalt
and Brandenburg) were of particular interest in this respect. Unfortunately, current data was
not available for all federal states. The results of this research are illustrated below.

3.1.1

Baden-Württemberg, Bavaria, Bremen, Hamburg and Saarland

For these states, no new potentials were identified. This is due to the negligibility of available
areas on one hand and the comparatively small expected development in view of available
wind potential on the other. In Southern states, in particular, it must be assumed that the potentials identified in the previous study have already captured the wind-marked locations in
full. Based on the very short preparation period for this re-evaluation and the necessary prioritisation, these states were not deemed in need of urgent action, as the development scenarios
from the dena grid study I for these federal states are largely consistent with the actual development figures for 2007. To what extent the RESA amendment from early 2009 and the associated increase of the energy feed-in reimbursement will affect wind energy development particularly in the Southern federal states of Baden-Württemberg, Bavaria and Saarland, is currently impossible to foresee, not least due to the short preparation period.

3.1.2

Thuringia and Saxony

For these states, the currently designated wind areas were investigated using telephone and
electronic research. At the time of completion of this study, an answer from these states is still
pending.
In Thuringia, the overall expansion figure determined in the dena grid study I had already
been exceeded by 2007. Even with the approach chosen for this examination, the installed capacity at the end of 2007 exceeds the total estimated development potential.

3.1.3

Rhineland-Palatinate

Freely available Internet information from the Federal Ministry of the Interior and Sport, department regional development and land use planning dated 17 March 2005 was used for this
assessment. Whilst, in parts, the figures for priority and permitted areas barely deviate from
the 2003 figures, considerable differences are apparent in two planning regions. Altogether
the area increases. It must be considered here that the designation of WVS in the planning regions Rhine-Hesse-Nahe and Central Rhine-Westerwald is largely carried out on a communal
level. In the Rhine-Hesse-Nahe planning region, for example, up to 5 wind turbines can be
designated on a communal level in the context of land-use planning.15. Considering this information, the value of 1,260 ha determined in the dena grid study I for Rhine-Hesse-Nahe
was carried over for this examination, as the figure of 660 ha published by the Ministry of the
Interior and Sport only refers to WVS designated on a regional planning level. For the Central
Rhineland-Westerwald region, a value of 1,540 ha was assumed on the basis of the ministry

15 Planning Authority Rhine-Hessen-Nahe (2007)
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information, as the Regional Planning Report of 2007 only features the figures of half of the
municipalities, whilst the other half was still being compiled.

3.1.4

Brandenburg

On 20.05.2008, the state cabinet of Brandenburg adopted the “Energy strategy 2020” and the
“Catalogue of measures for climate protection”. This document specifies a target generation
capacity of 7,500 MW for wind energy utilisation by 2020. According to figures published by
the federal state government, a total priority area of 555 km2 would be required for this. An
area value of 55,500 ha was consequently used for the compilation of wind energy development scenarios for 2020. The increase to be achieved as a result of this was assigned to the
development until 2015 and until 2020 in equal measures (50% each). As a result, Brandenburg is the only federal state for which the scenario estimates an increase in wind power between 2016 and 2020 as well.

3.1.5

Mecklenburg-Western Pomerania

During the period of examination, all regional spatial development programmes of the four
planning regions of Mecklenburg-Western Pomerania (Western Mecklenburg, Western Pomerania, Central Mecklenburg and Mecklenburger Seenplatte) were being revised and available
in draft version. All spatial development programmes feature an increase of areas for wind
energy utilisation. As a result, the designated priority and permitted area in MecklenburgWestern Pomerania increases from 10,521 ha to 13,802 ha overall.
It must be considered in this context that due to the draft character and a resulting lack of lawfulness of the spatial development programmes, the stated area size and associated MW values are uncertain so that a reliable statement can only be made once the spatial development
programmes have been legally adopted by the responsible authority.

3.1.6

Hessen

During the period of examination, regional development plans were only available in draft
versions for the planning regions North, Central and South Hesse. In all regions, a process of
reduction of WVS can be observed in consecutive draft versions so that wind energy utilisation areas are not expected to expand overall in comparison to 2004. For the planning district
of South Hesse, for example, a total wind energy utilisation area of 3,932 ha was stipulated
mid 2007. In the second draft of the regional development plan for South Hesse, this figure
was reduced to 1,869 ha. Similar processes can be observed in the other two regions. As with
Mecklenburg-Western Pomerania, this results in a degree of uncertainty regarding the identified development figures. A reliable statement for Hesse can consequently only be made once
spatial development programmes have been legally adopted by the responsible authority. In
the absence of any confirmed area figures, the values determined in 2004 have been largely
maintained or slightly reduced for the federal state of Hesse.
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3.1.7

Lower Saxony

Thanks to a detailed assessment of potential carried out by DEWI on behalf of EON Netz
GmbH in 200616, exact values were available for Lower Saxony, which were also calculated
using the assumed land requirement value of 7 ha/MW. The scenario until 2015 featured in
the assessment was adopted for this examination, together with the calculated repowering potential.

3.1.8

North Rhine-Westphalia

In North Rhine-Westphalia, the discrepancy between the designated WVS on a regional level
in the administrative district of Münsterland and its implementation on a communal level is
largely responsible for the reduction in the development of wind energy utilisation (see section 1.1.2.2). For this reason, the area specified by the regional planning authorities in the
context of the dena grid study I was reduced by half.

3.1.9

Schleswig-Holstein

The draft state development plan of 2009 for Schleswig Holstein envisages the increase of
designated wind energy areas from 0.75 to 1% of the total state territory. This increase was
divided proportionately and allocated to each region. In a further step, the wind turbine in operation outside of WVSs were taken into account.

3.2

Modified scenario of onshore wind energy development

Table 3-1 gives an overview of the changes in regional development potentials, which were
determined based on research conducted in summer 2008. The figures in Table 3-2 show that
the wind energy expansion potential in the modified scenario is approximately 30% higher
compared to the scenario in the dena grid study I.

16 DEWI (2006)
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Table 3-1:

Changes in development potential after review of scenarios
Onshore development
at 7 ha/MW
without 20% reduction

Federal state

Potential through
Outside of
land increase
WVS
in MW

Total

Baden-Württemberg

567

567

Bavaria

528

528

Brandenburg

5.276

Hesse

2.653

7.929

836

836

Meckl.-West. Pomerenia

1.729

Lower Saxony

7.339*

North Rhine-Westphalia

5.399

-1.669

Rhineland-Palatinate

920

210

Saarland

110

110

Saxony

918

918

Saxony-Anhalt

3.943

3.943

Schleswig-Holstein

2.408

Thuringia

469

145

2.342
7.339*

256

3.985
1.130

441

320

3.169

666

666

* Figures for Low er Saxony based on DEWI study 2006 commissioned by EON Netz GmbH; incl. capacity outside of WVS

Source: DEWI

Table 3-2:

Modified scenario for onshore wind energy development
Scenario dena I 2015

Figures in MW
As of
end 2007

Federal state

Onshore

Repowering

Scenario 2015 (7 ha/MW)

Total

Onshore

Repowering

Total

Scenario 2020 (7 ha/MW)
Onshore

Repowering

Total

Baden-Württemberg

404

508

14

522

567

14

580

567

46

612

Bavaria

387

471

14

485

528

14

542

528

41

569

3.359

3.396

95

3.491

6.730

95

6.825

7.929

349

8.278

Brandenburg *

477

757

86

843

836

86

922

836

122

958

Meckl.-West. Pomerania

Hesse

1.327

1.599

112

1.711

2.342

112

2.454

2.342

229

2.571

Lower Saxony *

5.647

4.483

469

4.952

7.339

478

7.817

7.339

853

8.192

North Rhine-Westfalia

2.558

4.807

207

5.014

3.985

207

4.193

3.985

451

4.436

Rhineland-Palatinate

1.122

869

59

928

1.130

59

1.188

1.130

131

1.261

69

98

5

103

110

5

115

110

10

121

Saarland

808

874

87

960

918

87

1.005

918

159

1.077

Saxony-Anhalt

Saxony

2.748

3.538

77

3.615

3.943

77

4.020

3.943

285

4.228

Schleswig-Holstein

2.522

2.341

444

2.785

3.169

444

3.613

3.169

609

3.778
757

Thuringia

677

628

37

665

666

37

703

666

91

Bremen

72

47

4

51

72

4

76

72

8

80

Hamburg

34

40

17

57

40

17

57

40

19

59

22.211

24.457

1.727

26.184

32.376

1.736

34.111

33.575

3.402

36.976

Total

* Note: observations for dena I w ith 10 ha/MW

Source: DEWI
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4

Review of the scenario for offshore wind energy
development

Following the resolution of the Project Steering Committee for the dena grid study II of
6.5.2008, DEWI developed a new scenario for the development of offshore wind energy
based on a current analysis of the situation regarding the development of the offshore wind
energy market (see also section 0).
In this scenario for offshore wind energy development, the following aspects were taken into
account in particular:
-

already accumulated time delays in terms of offshore development

-

changes in the current legal and economic framework conditions

-

findings of current studies evaluating the market situation (capacity requirement analysis
for the North Sea and Baltic Sea from 2007 and WindEnergy Study 2008 17)

-

technology development

current situation with regard to planning and approvals
As in the dena grid study I, the basic assumption remained that an increased utilisation of
wind energy will be supported through the creation of positive framework conditions.
As a result of this new expert evaluation, DEWI concludes the following expansion figures in
the scenario for offshore wind energy utilisation (see “scenario dena_II” in Table 4-1):
-

2015: 7,968 MW
2020: 16,300 MW
2025: 25,000 MW
These results document an initially delayed expansion in the phase up to 2015, followed by a
much stronger increase, as a result of a marked increase in experience, on the one hand, and
an increasing elimination of capacity shortages, on the other. In addition, an expected increase
in nominal power per wind turbine (5-10 MW) is taken into account.
During the 4th meeting of the project steering committee for the dena grid study II on
30.7.2008 and as a result of a prolonged controversial discussion, it was decided that the offshore expansion for 2020 should be checked again by DEWI and a qualified outlook to the
development in 2025 should be given.
As a result of this second examination of the offshore scenario, the previous figures for 2015,
2020 and 2025 were reduced by approximately 12.5% respectively (see “scenario
dena_II_mod” in Table 4-1). This new scenario takes into account in particular the criticism
voiced by the Federal Ministry for the Environment (BMU) of an “overly optimistic expected
development”. The hiteherto existing previous approach used for the development phases in
the periods until 2015, 2015-2020 and 2020-2025 (see above) remains unchanged. The reduc17 WindEnergy study (2008)
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tion by 12.5% must be seen as a justifiable compromise between the expected development of
10,000 MW until 2020 last formulated in various scenarios by the BMU and the methodology
on which the current study is based.
The regional distribution of development figures determined for the modified offshore development scenario is illustrated in Table 4-1 (“Szenario_dena_II_mod” in red font). The figures
are allocated based on the distribution in “Szenario_dena II” in Table 4-5.
Table 4-1:

Modified scenario for offshore wind energy development
DEWI scenario

Offshore scenario

Scenario dena specialist concil

Scenario_dena II

2007

2010

2015

2020

2007

2010

2015

2020

2015

2020

NORTH SEA

425

3.371

8.382

18.647

425

4.428

8.382

18.647

6.787

14.000

Region Borkum

125

985

1.935

4.000

125

4.000

1.971

4.500

1.928*

5.882*

0

136

4.032

9.032

0

9.032

2.240

5.000

300

1.050

1.050

1.850

300

1.850

1.088

3.765

Cumulative capacity in MW per year

Region Open North Sea (Borkum II)
Region Helgoland*

2.500*

2015

2020

5.950

12.000

1.750

3.900

1.950

4.250

1.500

950

1.300

1.488

3.000

1.300

2.550

1.050

2.000

350

700

700

1.300

22.000

2025

19.500

2.500*

Region Sylt

0

1.200

1.365

3.765

0

BALTIC SEA

51

1.011

1.411

1.711

226

1.011

1.411

1.711

1.181

2.300

Region Rostock

51

611

1.011

1.011

226

611

1.011

1.011

381

800

Region Rügen

0

400

400

700

0

400

400

700

800

1.500

476

4.382

9.793

20.358

651

5.439

9.793

20.358

7.968

Total North Sea / Baltic Sea

2025

Scenario_dena II_mod

3.000

16.300 25.000

7.000

2.500

14.000 22.000

* In accordance w ith the “dena specialist council resolution” for 2010, a planned offshore w ind farm in the Helgoland region (250 MW) is assigned to the Low er Saxony area (Borkum/open North Sea).

Source: DEWI
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5

Review of the scenario for other renewable energies

The expansion development of other regenerative energies in the BMU master study18 was
used for the current investigation. Table 5-1 compares the findings with the figures from the
dena grid study I. It must be noted that the modified scenario already takes into account the
figures communicated by Dr. Joachim Nitsch on 11.8.2008 from the 2008 pilot scenario
(which had not been published at the time of reconciling the scenarios).
As the figures in Table 5-1 illustrate, the modified scenario expects almost twice the installed
capacity from other renewable energies until 2020 compared to the scenario in the dena grid
study I – mainly due to the change in expected development for photovoltaic (PV) installations.
It must be pointed out that the installed capacity of photovoltaic installations increased drastically across Germany during the compilation of this study. This is due to the high RESA feedin reimbursement for solar electricity introduced with the RESA amendment 2004 on the one
hand and a massive drop in system prices for PV installations on the other. As a result of this
development, the installed PV capacity in Germany rose by 8,689 MW to a total of almost
14.7 gigawatts at the end of August 2010 in the period from 01/2009 and 08/2010 alone, according to the Federal Network Agency19. As part of the RESA amendment on the reduction
of the reimbursement for photovoltaic installations, which came into force in summer 2010,
the federal government has stipulated a benchmark value of 3,500 MW of newly installed PV
capacity per year for the whole of Germany. It is therefore to be expected that the PV expansion expectation for 2020 assumed in Table 5-1 in accordance with the 2008 pilot scenario
will already be achieved in 2011.

18 BMU master study (2007)
19 BNetzA (2010)

46

Review of the scenario for other renewable energies

Table 5-1:

Modified scenario for the extension of other renewable energies
based on figures in the BMU master study

Estimation regarding the development of other renewable energies (excluding wind energy)
As-Is1)
installed gross capacity in GW

2007

2007

2010

2015

2020

2015

2020

2025

2030

3,2

1,3

1,6

3,3

4,9

5,3

6,2

6,5

6,9

3,7

4,0

4,2

4,3

5

5,1

5,15

5,2

3,8

0,8

1,5

3,5

5,5

13

17,9

21

24

0,002

0,1

0,1

0,3

0,4

0,1

0,28

0,57

0,86

11,7

5,9

7,2

11,3

15,1

23,4

29,5

33,2

37,0

Biomass
Hydropower

4,7

Photovoltaics
Geothermal
Total
1)

Scenario_dena II_mod
(Pilot scenario 2008 (base case)2) )

Scenario_dena I

2)

2)

Source: BMU, as of 06-2008

Source: J. Nitsch, 11.08.2008

Biomass excluding
biogenic municipal waste in waste CHPs

Source: DEWI

In conclusion, the following figure compares the scenarios of expected development of renewable energies for 2015 and 2020 in the dena grid study I and the dena grid study II.
Figure 5-1:

Scenario of expected development of renewable energies for 2015
and 2020 in the dena grid study I and the dena grid study II
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63312 MW
4300

400

17900
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34112
26185
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20358

36977
27854
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Source: DEWI
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6

Generation of time series for the feed-in of electricity from wind power for the year 2020

Various evaluations of this study are based on time series for wind power for 2020. These are
simulated with a temporal resolution of 15 minutes and a spatial resolution of 1186 onshore
grid nodes (high and extra high voltage nodes with wind energy feed-in) and 46 offshore wind
farms (see Figure 6-1). The total installed wind power capacity, which is taken as the basis for
the 1232 time series, corresponds with the scenarios developed for this study from section 4
Table 4-2 and section 5 Table 5-1 of approximately 37GW onshore and approximately 14GW
offshore.
Figure 6-1:

Simulated grid nodes and offshore wind farms 2020

Source: IWES
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The procedure for the simulation of wind power time series for 2020 is predominantly based
on the conversion of historical data from a numerical weather model to the wind power output
for 2020. For the time series for onshore and offshore wind power, weather model data for the
four years from 2004 to 2007 is used. These four wind years are suitable for the intended
analyses because they comprise two weak, one average and one strong wind year. Table 6-1
gives an overview of the strength of the average wind conditions of these years compared to
the long-term average value.
Wind index 2004 to 200720

Table 6-1:

Source: IWES

This section provides a description of the base data (Section 6.1), followed by a description of
the generation methodologies (Section 6.2). Section 6.3 contains analyses of the simulated
wind power time series for 2020.

6.1

Base data

In order the evaluate the validity of the simulated wind power time series for 2020 and to better understand the generation methodologies, the base data used in this respect is outlined below. This consists of:
-

Weather model data

-

Wind measurement data

-

Power measurements of reference wind farms

-

Expansion scenarios

-

Grid node locations and

-

Wind turbine base data.

The individual base data sets are discussed in the following subsections.

20 Windmonitor (2008)
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6.1.1

Weather model data

The simulation of wind power time series for 2020 is predominantly based on weather model
data. These are based on time series of the analysis data21 (from the “local model” and the
“local model Europe”) of the German Weather Service (DWD) for the four years (2004 to
2007). The spatial resolution of this weather model data is 0.0625° by 0.0625°, the temporal
resolution is one hour.
For each of the 1232 grid nodes and wind farm locations in Figure 6-1, the air pressure and
temperature at 2 m above ground, wind directions and wind speeds at three elevations above
ground (e.g. approximately 34 m, 69 m und 116 m) were extracted from the weather model.
Based on the three height levels (layer centres), the wind speeds can be interpolated to the hub
heights of wind turbines or to the average capacity-weighted hub height. The air pressure and
temperature are used for the density adjustment of power outputs.

6.1.1.1

Evaluation of offshore weather model data using Fino1 measurement data

In order to evaluate the weather model data, a comparison with the measured offshore data of
the Fino1 location was carried out. The year 2004 was chosen for this, as the Fino1 data have
not yet been used for analysis in the weather model data for this year. Fino1 is located in the
open sea in the German Bight, 45 km North of Borkum at a water depth of 30 m directly on
the offshore test field alpha ventus (also see left-hand side of Figure 6-6). The measuring mast
is 103 m high22. The comparison of data from the weather model and the offshore wind
measurement focuses on the correlation coefficient, the deviation between wind speeds, the
frequency distribution of wind speeds and the fluctuation of wind speeds.
In the weather model, the average wind speed of 9.66 m/s at the reference height of 103 m is
1% lower than the measured value (9.76 m/s). The standard deviation of the difference between the measured value and the weather model value is 1.42 m/s, which is very good for a
weather model. This result confirms results of previous studies23. The analysis of the correlation coefficient for wind speeds in the measurement and the model data also revealed a very
high value of 95.6%.

21 DWD (2005)
22 GL (2008)
23 Tambke et al. (2006)
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Table 6-2:

Overview of comparison wind speeds

The comparison of frequency distributions of measured wind speeds with wind speeds in the
weather model shows a very high concordance with no systematic under- or overestimation of
wind speeds (see Figure 6-2).
Figure 6-2:

Frequency distributions of measured wind speeds and the weather
model wind speeds at the offshore location Fino1

Source: IWES

Figure 6-3:

Comparison of wind directions at Fino1 location in degrees (180°=
South) (90 m high)

Source: IWES
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The wind rose, which illustrates the wind directions of the measured data and the weather
model data, shows some deviations between the measured data and the weather model data.
However, the basic wind direction frequency in the model coincides with the measured values
(see Figure 6-3).
In contrast to the anemometer data, which maps the wind speed at a local point, the weather
model data represents spatial mean values and consequently fluctuates less than the Fino1
measurements. The hourly wind speed values from the weather model are not hourly mean
values, but wind speeds on the hour. A comparison of Fino1 wind speed fluctuations shows,
however, that due to spatial averaging, the wind speeds of the weather model data are subject
to fewer fluctuations than the Fino1 measured data. Compared to the point measurement of
the measured Fino1 data, the wind speeds from the weather model data still behave like
hourly mean values rather than on-the-hour point-in-time values.
The above evaluations show that the weather model data is suitable for the calculation of offshore wind farm power output. For the offshore location Fino1, there is a very high correlation between the weather model data and the measured data. The weather model for this location is consequently to be rated as very good. The frequency distributions of wind speeds
from the measurement and the model are very similar without any systematic under- or overestimation. The weather model data is consequently suitable for use as base data in the simulation of wind energy feed-in.

6.1.2

Wind measurement data

The weather model data is complemented with measured data from wind measurement masts
in order to achieve a higher temporal resolution from 1 hour to 15 minutes. This process is described in Section 6.2.1.2 below.
To complement the onshore weather model data, measured data from the IWES wind measuring network24 is used, which has been operating since 1992 and comprised 57 measurement
stations all over Germany back in 2007, and as many as 220 in the period since (see left-hand
side of Figure 6-6). Each of these measurement stations measures the wind speed and wind direction at 10 m, 30 m or 50 m above ground as well as the feed-in power of a wind turbine in
close proximity and – in the course of current conversion measures – also temperature, pressure, humidity, precipitation and solar radiation as 5 min mean values. Through simple averaging, 15 min mean values can be calculated from these 5 min mean values.
The measured data from the IWES measurement network cannot be used as the sole weather
base data for the generation of wind power time series, as it does not contain offshore measurements and consequently would not meet the demand of using the same base data for the
generation of time series for onshore and offshore wind power. Apart from that, the wind
measurements of the IWES measurement network are also geographically wide-spread with
low area coverage compared to the location-specific weather model data. Furthermore, the
measuring heights of the IWES measuring network are no more than 50 m above ground,
whilst the respective elevation in the weather model data fully covers wind turbine hub
heights.
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Measured data from the Fino1 offshore measuring platform is used to complement the offshore weather model data. As the Fino1 measurements are only available as 10 minute mean
values, they must be converted into 15 min mean values using the following calculations.
Every n-th (
) 15 min mean value of wind speeds
mean values v10 min as follows:

is calculated from the 10 min

,
with the index

(m

) and the weights

.
Table 6-3 illustrates the calculation method on the example of six 15 min mean values.
Table 6-3:

Calculation of 15 min mean values from 10 min mean values

Source: IWES

This type of weighted averaging ensures that the hourly mean values for 10 min mean values
correspond with those for 15 min mean values.

6.1.2.1

Validation of Fino1 measured data

The fact that only the Fino1 measured data is used to increase the temporal resolution of offshore weather model data raises the question of whether the Fino1 measurements are representative for the wind conditions at sea, in particular with regard to the Baltic Sea. This can be
validated with the help of measurements from other offshore measuring masts which can be
compared with the Fino1 measurements with regard to their fluctuation characteristics. The
focus of this comparison is on wind speed fluctuations. The changes from one mean wind
speed value to the next are referred to as “wind speed increments” hereinafter. First of all,
Fino1 is compared with another measuring mast in the North Sea, hereinafter referred to as

24 Döpfer (1996)
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“comparison mast 1”. This analysis is based on 10 min mean wind speeds measured on the
top anemometers from 1.1.2004 to 13.5.2007.
As Table 6-4 and Figure 6-4 illustrate, the statistical characteristics of the wind speed increments are very similar for both measuring masts. Even the most extreme wind speed increments within the time period are in the same order of magnitude. The most extreme increase
of a 10 min mean wind speed value to the next of 9.56 m/s for Fino1 thus compares with the
most extreme decrease of 9.24 m/s at the comparison mast 1.
Provided the comparison of only two measuring masts allows this, it can be concluded that
the measurements for Fino1 reflect conditions which are typical for the North Sea or at least
are not particularly extraordinary.
Table 6-4:

Characteristics of North Sea wind speed increments

Source: IWES

Figure 6-4:

Frequency distribution of North Sea wind speed increments

Source: IWES
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In order to check to what extent the Fino1 wind speed increments are also representative for
the Baltic Sea, a comparison is made with the Fino 2 wind measuring mast located 39 km
North of Rügen on the “Kriegers Flak” shoal and a further measuring mast in the Baltic Sea,
hereinafter referred to as “comparison mast 2”. Again, the analysis is based on 10 min mean
wind speed values measured on the top anemometers. The period, for which data is available
from all three measuring masts, extends from 31.7.2007 to 30.6.2008, which is equivalent to
approximately 48000 measurements. There are, however, gaps in this data, so that the number
of same-time measurements is reduced to approximately 20000. Apart from the characteristics
for these times, Table 6-5 also shows figures in brackets, which would reflect the characteristics if the period between 18.9.2007 and 18.10.2007 – where Fino1 witnessed extraordinarily
high wind speed increments – were excluded, resulting in a lower number of same-time
measurements of approximately 15000.
Table 6-5:

Characteristics of wind speed increments on offshore measuring masts

Source: IWES

Figure 6-5:

Frequency distribution of offshore wind speed increments

Source: IWES

55

Generation of time series for the feed-in of electricity from wind power for the year 2020

Although the statistical characteristics of wind speed increments show more similarities in the
reduced analysis period (right-hand side of Figure 6-5) than in the entire period (left-hand side
of Figure 6-5), it is apparent that the wind speed increments for Fino1 are slightly higher than
for the measuring masts in the Baltic Sea. For the entire time period available for each measuring mast, the standard deviation of wind speed increments is as follows:
Table 6-6:

Standard deviation of measured offshore wind speed increments

Source: IWES

In summary, it can be said that the wind speed increments measured for Fino1 were on average slightly higher than those on other measuring masts, in particular those in the Baltic Sea.
It must be noted, however, that the measuring period for the latter is considerably shorter.
The exclusive use of measured data from Fino1 for the generation of wind power time series
for all offshore wind farms does not, however, inevitably lead to an overestimation of wind
energy fluctuations, because the wind speed time series complemented with the Fino1 data
were smoothed to adapt the simulated wind power time series to the measured wind power
time series (see Section 6.2.1.3), resulting in a reduction of extreme wind speed increments.
Nevertheless, the evaluations in this section suggest that wind power will fluctuate slightly
less in the Baltic Sea than in the North Sea for the 15 min range. According to the scenario,
the wind energy feed-in from wind farms in the North Sea (approximately 12 GW installed
wind power capacity) carries considerably more weight than that from wind farms in the Baltic Sea (approximately 2 GW installed wind power capacity).
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Figure 6-6:

Location of measuring masts and reference wind farms

Source: IWES

6.1.3

Reference wind farms

The power measurement data of so-called reference wind farms is used to determine the parameters for the process of generating wind power time series for 2020. In their original function, these power measurements are to generate extrapolations and forecasts of the wind energy feed-in for the transmission system operators. As the name suggests, reference wind
farms were chosen to be representative with regard to wind energy feed-in for their area. The
right-hand side of Figure 6-6 shows the location of 152 reference wind farms. In 2007, the installed nominal power of all reference wind farms corresponds to approximately 25% of the
total installed wind power capacity in Germany.
The measurements from the reference wind farms are used to determine the optimum process
parameters (see Section 6.2.1.7) and mean onshore wake losses (see Section 6.2.2.3) and to
generate the forecast error time series in Section 19.3.

6.1.4

Expansion scenarios

The generation of wind energy time series is based on the onshore and offshore expansion
scenario for 2020, which was newly developed for this study (see Section 3 Table 3-2 and
Section 4 Table 4-1).

57

Generation of time series for the feed-in of electricity from wind power for the year 2020

6.1.5

Grid node locations

The onshore wind power time series are to be generated for Germany’s high and/or extra high
voltage grid nodes with wind energy feed-in (see Figure 6-1). For this purpose, the local coordinates of the grid nodes of German transmission system operators must be known. Transmission system operators provide a list with all 380/220/110 kV substations, or 380/220 kV
substations for EnBW, in their control area with details regarding the exact coordinates, the
local town/village or post code. For grid nodes, for which no exact coordinates are known, the
coordinates of the town centre are assumed, despite the fact that substations are usually situated on the outskirts of towns. The resulting error is negligible.

6.1.6

Wind turbine base data

The base data for all wind turbines installed in Germany forms an important basis for the generation of onshore wind power time series for 2020. In this respect, information on the
type
nominal power
hub height
rotor diameter
power curve
date of commissioning
location
roughness length of the respective terrain
for each wind turbine is of interest. This information can be found in the IWES database.
Many wind turbine types can be found in different designs, i.e. the same type can be implemented with different characteristics in terms of nominal power, hub height and rotor diameter. Power curves for all plant data combinations found in Germany are available for this
study, which were either supplied by the manufacturers or determined through measurements
by DEWI and Wind-consult or WINDTEST Kaiser-Wilhelm-Koog GmbH. If available,
measured power curves were given preference for the purpose of generating wind power time
series.
Apart from technical plant information, wind turbine locations are also of interest. The spatial
resolution of the site information available to IWES is “town/village-precise”, which equates
to a slightly higher spatial resolution than with post codes. The coordinates of the respective
town/village, more precisely the town centre, are assigned to each wind turbine.
Figure 6-7 gives an overview of the installed wind power capacity in Germany as of mid-2009
for all post code areas. The overall almost 20200 wind turbines have a total nominal power of
approximately 24 GW. In order to guarantee the comparability of large and small post code
areas, the figure shows the installed wind power capacity per post code area in MW/km².
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Figure 6-7:

Post codes with wind energy 2009

Source: IWES

6.2

Generation method

This section focuses on the methodology used to generate wind power time series for 2020 in
a temporal resolution of 15 min and a spatial resolution of 1186 onshore grid nodes and 46
offshore wind farms (see Figure 6-1). The base data from the previous section is used.
Figure 6-8 provides an overview of the methodology in the form of a flow chart. Illustrating
the onshore and offshore methodologies next to each other shows that they concur in many
calculations steps. The simulation methodology mainly consists of the conversion of weather
model data from 2004 to 2007 into electric wind power for 2020 (with the respective installed
capacities specified in the scenarios developed for this study). Supplied input data is shown in
green in this and all following flow charts, whilst input data which is based on assumptions is
marked red. Process steps and calculated input variables are represented by fields.
Process steps, which do not vary for the onshore and offshore scenario, are described in the
following subsections. A description of offshore-specific process steps can be found in Subsection 6.2.2, whilst onshore-specific process steps are discussed in Subsection 6.2.3. The following index explains how this section is structured:
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6.2.1

Common process steps

6.2.1.1

Interpolation to hub heights

6.2.1.2

Generation of 15 min wind speed time series

6.2.1.3

Smoothing of wind speed time series

6.2.1.4

Wake losses

6.2.1.5

Wind-to-power transformation

6.2.1.6

Reduction of wind power

6.2.1.7

Determining process parameters

6.2.2

Offshore-specific process steps

6.2.2.1

Refining the offshore scenario

6.2.2.2

Offshore wind turbines 2020

6.2.2.3

Offshore wake losses

6.2.2.4

Non-accessibility

6.2.3

Onshore-specific process steps

6.2.3.1

Embedding the onshore scenario

6.2.3.2

Onshore windturbines 2020

6.2.3.3

Onshore wake losses
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Figure 6-8:

Procedure for the simulation of wind power time series for 2020

Source: IWES
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6.2.1
6.2.1.1

Common process steps
Interpolation to hub heights

To generate the wind power time series, the wind speeds from the weather model and the onshore measuring masts are first interpolated to the correct height, i.e. the mean capacityweighted hub height of each onshore grid node or offshore wind farm.
For the hub heights of every offshore wind turbine, a value of 90 m is assumed, which corresponds to the typical hub height of a 5 MW turbine25. The average capacity-weighted hub
height of each onshore grid node for the year 2020 can be calculated from a combination of
hub heights of wind turbines, which already feed in electricity to the grid node and which are
expected to be still operational in 2020 based on the assumptions regarding repowering, and
the average hub heights of future wind turbines in accordance with their share of the total installed wind power capacity of the grid node in 2020 (see Section 6.2.3.1).
As hub heights are different for each grid node and do not correspond to the height of a
weather model layer centre, the wind speed and wind direction at the model height must be
converted through interpolation to the relevant hub height.
The interpolation of weather model data to hub height is done logarithmically, as the wind
profile in the boundary layer can be described by this function.
For the later insertion of wind speed fluctuations (Section 6.2.1.2) the wind measurement data
must also be related to the hub height. For this purpose, the wind speeds measured at the top
anemometers of onshore measuring masts in the IWES measuring network are logarithmically
extrapolated for neutral conditions to the average hub height of the nearest grid node in 2020.
The Fino1 measured data is not interpolated to the hub height, because with a height of 100m,
the top anemometer is only marginally higher than the assumed hub height of 90m. The anemometer at 100m was used because this measuring level is subject to fewer effects based on
the mast structure, and wind speed fluctuations are consequently subject to fewer disturbations than at a measuring height of 90m.
6.2.1.2

Generation of 15 min wind speed time series

As the weather model data used had a temporal resolution of one hour, whilst the wind power
time series for 2020 needed to be generated with a temporal resolution of 15 minutes, the
temporal resolution of the wind speeds had to be increased using a suitable method. The temporal resolution of onshore wind speeds is increased by using measured data from the IWES
measurement network. In order to increase the temporal resolution of offshore wind speeds,
the measured data from the Fino1 measurement station is used. After averaging the measured
wind speeds as described in Section 6.1.2, they are available as 15 min mean values.
To increase the temporal resolution of wind speeds, each hourly model wind speed is drawn
on together with the previous and following value. Then a sequence of twelve successive 15
min mean values is determined in the measured wind speeds, whose hourly mean values
largely concur with the three values from the weather model. It is specified that the first and
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last hourly mean value of the sequence must differ by no more than +/-0.5 m/s from the first
and last model value and that the deviation of the middle hourly mean value of the sequence
must be no more than +/-0.2 m/s of the middle model value. If at least four sequences are
found in the measurement data, which fulfil these criteria, one is chosen at random and used.
This criterion of at least four sequences in the data prevents one and the same sequence being
used with excessive frequency. If no such four suitable sequences can be found, the criterion
for the previous and subsequent hourly value is gradually softened. If not enough sequences
can be found despite softening up to +/-2 m/s, the criterion for the middle hourly mean value
is gradually softened to a maximum of +/-1 m/s. Should this softening of similarity criteria
still not yield four suitable sequences, the third hourly value will be disregarded. If this still
does not yield four suitable sequences, linear interpolation is used.
In order for the mean value of the sequence used with this procedure to correspond to the
hourly value of the weather model, the 15 minute values of the sequence v15min,i (
) are
corrected with the difference from the weather model value v1h,j and the mean value of the sequence. The corrected wind speed values vsim,i are the result of the following relation:

with the index ( j

)
.

The insertion of sequences of four 15 minute values can result in non-realistic jumps in the
transition between two sequences, because the sequences come from different points in time
in the measured data time series. For this reason, a procedure is used, which adjusts the transitions between the used sequences and prevents the jump between the two used sequences noticeably differing from the other three jumps within the replaced hour. A constant, empirically
specified share k of the height of a jump d in wind speeds between the two sequences is distributed on the last two wind speeds before and the first wind speed after the transition. Doing
this, the wind speeds at the transition between the used sequences are approximated in such a
way that unrealistic wind fluctuations are prevented.

25 REpower (2007)
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Figure 6-9:

Example for the adjustment of a transition for used wind speed sequences

Source: IWES

Generation of 15 min wind direction time series
The 15 minute wind direction values are generated by a linear interpolation of the hourly values. This simplification can result in deviations in wind direction compared to reality, as the
actual wind direction fluctuations are underestimated. However, this error only relates to wind
farm wake losses so that the wind direction error has no substantial effect on the overall result.
Validating 15 min wind speed time series
In this section, the procedure for generating 15 min wind speed time is validated. For this
purpose, the wind speeds measured at the Fino1 measuring platform are compared to the values simulated for the nearest wind farm. For this comparison, the 15min mean wind speeds
from 2006 at the height of the top anemometer on Fino1 (103 m) and at the hub height of the
offshore wind farm (90 m) are used. Figure 6-10 shows an exemplary extract from both time
series.
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Figure 6-10: Measured and simulated wind speed curve

Source: IWES

The above figure illustrates that the measurement and simulation behave similarly. This similarity is also shown by the low BIAS, i.e. the average deviation between measurement and
simulation in Table 6-7, which amounts to 0.13 m/s for the entire year. The measured values
are 0.13 m/s higher on average than the simulation for the year, which can be explained by the
higher measuring height of 103 m compared to the hub height of 90 m. The similarity is also
apparent in the scatter plot on the left-hand side of Figure 6-11. This figure depicts all 15 min
mean values for the year 2006 as points. It is clear that, in exceptional cases, the simulation
strongly differs from the measurement. In one case, for example, a simulated wind speed of
approximately 19 m/s compares to a measured wind speed of approximately 7 m/s. This large
deviation can be the result of a time delay between the simulation and the measurement at a
time of great change in wind speed; it does not, however, diminish the quality of the simulated wind speed time series. The majority of simulated wind speeds are close to the measured
values. This fact is illustrated by the square regression curve, which is very close to the linear
relation. The RMSE of 1.52 m/s serves as a measure for the deviation from the linear relation.
Table 6-7:

Characteristics of wind speed measurement and simulation

Source: IWES
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Figure 6-11:

Relation and frequency distribution of measured and simulated
wind speeds

Source: IWES

For the frequency distributions in the right-hand part of Figure 6-11, wind speeds were divided into classes of 2 m/s width. The simulation, for example, shows more wind speeds between 8 m/s and 10 m/s, whilst the measurement features more wind speeds between 12 m/s
and 14 m/s. This difference is also apparent when the hourly value of weather model data is
compared with the measurement data in Figure 6-2, although other class widths were used in
the frequency distribution of wind speeds shown here. The discrepancy is consequently not a
result of the modelling of 15 minute values.
Regarding fluctuations for measurement and simulation in Figure 6-12, it is apparent that the
simulation fluctuates slightly more. The standard deviation from the mean value is 4.74 m/s
for the measurement, compared to 4.81 m/s for the simulation. The increments, i.e. the
changes from one 15 min mean value to the next, are slightly smaller on average for the
measurement. This fact is illustrated in the frequency distribution of wind speed increments in
the left-hand side of the figure, for which classes of 0.2 m/s width were used. Extreme increments, although rare, are slightly more frequent in the simulation; this becomes particularly
obvious in the logarithmical representation. The linear graph on the right-hand side of the figure illustrates, on the other hand, that increments between -0.5 m/s and 0.5 m/s are slightly
more frequent in the measurement.
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Figure 6-12:

Frequency distribution of measured and simulated wind speed increments

Source: IWES

Overall, it can be noted that the simulated wind speeds correlate very well with the measured
Fino1 data. The method for generating 15 min wind speed time series is therefore well suited
for generating realistic wind speed time series.
6.2.1.3

Smoothing of wind speed time series

Whilst measurements on measuring masts represent wind speeds at a particular point, the
electricity feed-in from a wind farm is generated by a larger wind field. For this reason, the 15
min wind speed time series have to be smoothed to avoid unrealistically high fluctuations.
This smoothing is done through weighted moving averaging. Here, each value in the time series is replaced by the weighted mean value from the previous value, the value to be replaced
itself and the subsequent value, whereby the value to be replaced is weighted considerably
more. The weighting is determined using parameter calculation as described in Section
6.2.1.7.
6.2.1.4

Wake losses

As considerable power output losses are experienced due to wake effects in wind farms, these
losses must be taken into account. Such losses are calculated for different wind farm geometries as a function of wind speed and wind direction. The calculation is based on the Farm
Layout Program (FLaP), a program for the layout and optimisation of wind farms developed
at the University of Oldenburg 26. As well as wind turbines locations, information on rotor radius, hub height, power curve, thrust coefficient curve and ambient turbulence are used as input values for the calculation of wake losses. The calculation can be based on the Ainslie or
N.O. Jensen model.
Wake losses are considered differently for the onshore and offshore method for the simulation
of wind power time series 2020. For the offshore method, the wake losses are considered
26 University of Oldenburg (2004)
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separately for each wind farm in the form of wind direction- and wind speed-dependent reductions in power output. Due to the large variations inonshore wind farm geometries, a mean
wind speed-dependent wind efficiency curve, which results in a reduction of wind speeds, is
determined and used for all onshore grid nodes to be simulated. Sections 6.2.1.4 and 6.2.2.3
discuss the different methods of considering wake losses.
6.2.1.5

Wind-to-power transformation

The main step in the generation of wind power time series for 2020 is the conversion of wind
speeds into electrical power. This is based on power curves, which assign a corresponding
power value to each wind speed.
Power curves are available for wind turbines. The power curves for entire offshore wind
farms or onshore grid nodes, on the other hand, must be calculated. These wind farm and/or
grid node power curves can be calculated by superpositioning the power curves of all connected wind turbines and have a smoother form than these.
The power curves of the wind turbines of the wind farm to be simulated are first added up to
generate the wind farm and/or grid node power curves. For 2020 offshore wind farms, for
which only the offshore model power curve (see Section 6.2.2.2) is used, this adding-up has
the same effect as scaling the offshore model power curve to the nominal power of the relevant wind farm. With regard to 2020 onshore grid nodes, only the power curves of todays
wind turbines, which will still be operating based on the assumptions regarding repowering,
and the onshore model power curve are added together. The onshore model power curve (see
Section 6.2.3.2) is standardised to the share of nominal power of grid nodes in 2020 which is
not yet covered by todays wind turbines excluding old plants (see Section 6.2.3.1).
When these values have been added, the wind farm and/or grid node power curves are
smoothed similarly to the ‘multi-turbine power curve approach’27 to reflect the fact that geographically distributed plants do not experience the same wind speed. The added wind farm
and/or grid node power curves are smoothed using Gaussian distribution, which is also
weighted with the Weibull distribution of the location in the case of offshore wind farms to
take into account that the mean wind speed value results of wind speed values which are distributed according to the Weibull distribution. The convolution parameter is the wind speeddependent standard deviation of the Gaussian distribution, which is determined using the
method described in Section 6.2.1.7.
Figure 6-13 illustrates the method for generating wind farm power curves using a wind farm
with three WTs as an example. Despite the schematic nature of the figure, it illustrates that the
wind farm power curve is changed substantially by smoothing, particularly at high wind
speeds (also see Section 6.3.4).

27 Nørgaard (2004)
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Figure 6-13:

Generation of a wind farm power curve

Source: IWES

The smoothed wind farm and grid node power curves generated as described above are used
to transform the wind speeds of a wind farm or grid node into electrical power. As the power
curves, on which the wind park and grid node power curves are based, are subject to standard
air density (1.225 kg/m3), whilst in practice, real conditions deviate from this standard value,
the power is corrected by taking into account the relevant air density.
6.2.1.6

Reduction of wind power

Once wind speeds have been scaled to electrical power, the wind power time series are reduced overall based on electrical losses in wind farms and failures of windturbines.
Electrical losses within wind farms
For electrical losses in wind farms within the electrical wind farm network, a flat-rate reduction of 0.5% of the nominal power is assumed, as has been witnessed at the offshore wind
farm North Hoyle28, for example.

28 BERR (2007)
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Technical availability
The availability of plants depends on the frequency of failures and the duration of downtimes.
According to statistics from secondary research into onshore wind energy development (scientific measuring and evaluation programme, WMEP), onshore plants suffered on average 2.5
faults per plant and year between 1991 and 2006. The average technical availability of onshore windturbines was 98%. This figure is transposed to the simulated onshore wind power
time series for 2020, i.e. the onshore wind power time series are reduced by 2% of their
nominal power.
These availability figures cannot be transferred from onshore to offshore turbines, however,
as offshore turbines are less accessible than onshore turbines due to their offshore location.
Due to limited accessibility compared to onshore installations and the increased stress through
stronger winds, waves and sea air, a more limited availability is expected for offshore turbines. For this reason, non-availability of 3% is assumed for offshore wind farms (50% more
than onshore), resulting in a basic offshore availability of 97%. This availability presupposes,
however, that all plants are always accessible. As this is not the case for offshore wind farms,
an additional reduction is assumed for offshore time series, which is described in Section
6.2.2.4.
6.2.1.7

Determining process parameters

Various parameters must be specified in order to generate the wind power time series for
2020. On the one hand, these are the parameters marked red in Figure 6-8, which are based on
assumptions regarding future characteristics of wind farms. In the case of the offshore procedure, these parameters are an assumed hub height of 90 m, the nominal power for offshore
wind farms, offshore model power curve and repair and failure rate; in the case of the onshore
procedure these parameters are the assumed hub heights and power curves for 2020, which
are connected to existing hub heights and power curves (see Section 6.2.3.1).
On the other hand, parameters must be set, which result from a comparison, or rather an adjustment of the simulated to the measured wind power time series for 2007. These parameters
are referred to as “process parameters” hereinafter and comprise:
1. The level of overall wind speed reduction (for onshore wind power time series only),
2. The weighting for smoothing the wind speed time series and
3. The standard deviation of the Gaussian distribution for the smoothing of power
curves.
The overall wind speed reduction (1st process parameter) is only used for the onshore procedure and is required to adjust the simulated to the measured power values. Without this reduction, the simulated wind power was higher than the measured values for almost all reference
wind farms. The reason for this additional reduction must be losses, which are not covered by
the losses used in the methodology (wake losses, electric losses, losses due to nonavailability). This process parameter is not applied to the offshore procedure as it was not
found to be necessary due to the modified methodology for the smoothing of offshore power
curves.
70

Generation of time series for the feed-in of electricity from wind power for the year 2020

Figure 6-14 illustrates the process of determining process parameters by means of a flow
chart. To determine the process parameters, the wind power measured at reference wind farms
in 2007 was used. The identification of onshore process parameters is based on 87 reference
wind farms, which represent a total nominal power of approximately 3.2 GW and consequently almost 16% of the total installed wind power capacity in Germany for 2007 and offer
a unique basis for the development and validation of the simulation methodology. To identify
the offshore process parameters, 5 reference wind farms were chosen, whose characteristics
closely resemble those of future offshore wind farms with regard to size (number of turbines)
and wind conditions (proximity to coast).
A wind power simulation is carried out for each reference wind farm, during which all process steps are carried out exactly as for the onshore procedure for 2020 with the exception of
using the actual capacity-weighted hub heights and power curves for 2007 instead of the hub
heights and power curves assumed for 2020. As outlined in Section 6.2.1.5, the “wind-topower transformation” calculation step is carried out differently for the purpose of determining onshore and offshore parameters.
The ideal process parameters are specified for each simulation (represented by dotted arrows
in the flow chart). In terms of the level of overall wind speed reduction (1st process parameter) and standard deviation for the smoothing of power curves (3rd process parameter), the optimum situation is reached when the error sum (mean least square error) between the measurement and the simulation is minimal. In terms of weighting for the smoothing of wind speed
time series (2nd process parameter), the optimum situation is reached when the difference of
the sums of the 40 largest absolute increments between the simulated and measured wind
power is minimal.
Figure 6-14 shows the resulting onshore process parameters using a reference wind farm as an
example.
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Figure 6-14:

Determining process parameters

Source: IWES
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Figure 6-15:

Simulation of a reference wind farm for the determination of onshore process parameters

Source: IWES

The illustration above left shows the measured wind power as blue dots above the wind speed.
The red line represents the averages of measurements for wind speed classes of 0.5 m/s. The
green line represents the simulated wind power and largely follows the line for average values. Due to losses through non-availability and electrical losses, which were taken into account in the methodology, its maximum is 0.975. At wind speeds below 12m/s and above
20m/s, the simulation values are too low, otherwise too high. This fact is also reflected in the
figure above right, which shows the scatter plot for measured and simulated wind power
(black dots). Furthermore, the mean relation for wind power classes with a bin width of 0.05
is shown as a red line. It lies above the linear relation curve (blue line) up to half of the nominal power and underneath it thereafter. The simulations for this reference wind farm are too
low in the lower nominal power range and too high in the higher range. On the whole, however, the relation between measurements and simulation is almost linear. In this example, the
error sum (mean least square error) between the standardised measurement and the simulation
is 0.03. The two figures below show the frequency distribution of measured and simulated
wind power and power increments respectively. It is apparent that the measured and simulated
wind power and power increments have almost the same frequency of occurrence. This also
applies to the average frequency distributions from all 87 simulations (Figure 6-16), which
were compiled to determine the onshore process parameters.
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Figure 6-16:

Mean frequency distributions of all simulations for the determination of onshore process parameters

Source: IWES

The average error sum (mean least square error) between the 87 wind power time series,
which were measured and simulated to determine the onshore process parameters, is 0.063,
with a maximum error sum (mean least square error) of 0.347 and a minimum of 0.007.
Figure 6-17 shows the resulting offshore process parameters using a reference wind farm as
an example. In comparison to Figure 6-15, the adjustment of simulated wind power to measured wind power has been more successful. To that effect, the error sum (mean least square
error) between the standardised measurement and the simulation is smaller (0.022 in this example). The green line, i.e. the relation of simulated wind power and wind speeds in the picture above left is slightly more angular than in Figure 6-15, which can be attributed to the
modified power curve smoothing method. The average error sum (mean least square error)
between the 5 wind power time series, which were measured and simulated to determine the
offshore process parameters, is 0.028, with a maximum error sum (mean least square error) of
0.374 and a minimum of 0.017.
The average process parameter values, which were determined through the simulation of 87
and 5 reference wind farms respectively, are used for the simulation of onshore and offshore
wind power time series 2020. As these process parameters were determined by largely replicating the wind power measured for the reference wind farms in 2007 in terms of the average
power fed in per wind speed and their wind power increments, it can be assumed that this
methodology represents a very good simulation of the wind power values and their fluctuation
when applied to the characteristics of wind farms in 2020.
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Figure 6-17:

Simulation of a reference wind farm for the determination of offshore process parameters

Source: IWES

6.2.2
6.2.2.1

Offshore-specific process steps
Refining the offshore scenario

For an adequate simulation of offshore wind power time series, the resolution of the offshore
scenario illustrated in Section 4 Table 4-1 had to be considerably increased in order to model
spatial smoothing effects. For this reason, the listed installed wind power capacities for offshore regions were divided into 46 smaller units, i.e. wind farms. These wind farms have a
nominal power in multiples of 5 MW turbines, usually with a total wind power of 400 MW;
whereby the smallest nominal power is 30 MW and the largest 500 MW. The nominal power
of offshore regions specified in the offshore scenario in Section 4 Table 4-1 was largely retained with the exception of the “Borkum II” region, which was reduced by approximately 6%
(250 MW) in favour of the “Borkum I” region. In exchange, the wind farms in the twelve nautical mile zone were also taken into account and assigned to the “Borkum I” region. These divisions were carried out after consultation with DEWI and the transmission system operators,
whereby in the case of the Baltic Sea, in particular, a large gap became apparent between the
2 GW assumed for the study and the application situation. Figure 6-18 shows the offshore
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wind farms used for generating wind power time series. Each wind power plant symbol represents one wind farm, for which a wind power time series is simulated. The figures indicate the
nominal power of the offshore regions, which result as the sum of the nominal power of their
wind farms.
Figure 6-18:

Simulated offshore wind farms 2020

Source: IWES

6.2.2.2

Offshore wind turbines 2020

The assumptions, which have to be made for offshore wind turbines in 2020, relate to their
hub heights and power curves. 90 m was the height chosen, which corresponds to the hub
height of 5 MW offshore turbines29. For the conversion of wind speed to wind power, a
model power curve was developed, which is used for all offshore windturbines 2020.
Various parameters are relevant for power curves. Each turbine has, for example, its own
aerodynamic characteristics. The offshore model power curve is generated on the basis of
various offshore wind turbine power curves calculated by the manufacturer in order to achieve
the best possible general validity. Another major factor for the number of equivalent annual
full load hours a plant achieves is the ratio of rotor area to nominal power of the generator. A
large rotor combined with a small generator permits a higher number of annual full load
hours. Whether this is desirable for the operator, however, is a question of economic optimisation, as a larger generator generates more electricity. The offshore model power curve used
features a smaller than average ratio of rotor diameter to nominal power (see Figure 6-19).
This aims to take account of the fact that many newer turbines used at great distance offshore
in the North Sea tend to have smaller rotors with larger nominal power outputs. Sensitivity
analyses at an offshore location have shown that a modification of the ratio between the rotor
surface and the nominal power of the generator by approximately 0.2 m2/kW results in a
change in the equivalent annual full load hours by approximately 3 %.

29 REpower (2007)
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Figure 6-19:

Ratio of rotor surface to nominal turbine power for various offshore wind turbines

Source: IWES

The electricity generation of the offshore model power curve used for the generation of wind
power time series for 2020 starts at 3.5 m/sThe nominal wind speed is 12.5m/s. Various turbine models were considered for the definition of the cut-off wind speed. Today's offshore
turbines drop out at wind speeds of 25 m/s (e.g. Multibrid M500030, Vestas V9031) or 30 m/s
(REpower M532). At the time of writing, it is unclear whether a standard cut-off behaviour
will prevail for the future. If turbines with various cut-off speeds should indeed exist in future,
it is impossible to predict at present their share on the future installed capacity. For the offshore model power curve, a cut-off wind speed of 27.5m/s is used for fifty percent of the
model power curve. For the other fifty percent in the offshore model power curve, storm control is estimated.
The fact that wind turbines cut out at certain wind speeds can lead to sudden and enormous
power dips, particularly for offshore installations, where many wind turbines are exposed to
almost the same wind speed in a very confined space. The simultaneous cut-off of a large
number of offshore wind turbines should be avoided in future at all costs. Technical solutions
designed to prevent such power dips are already being used for onshore wind turbines. As an
example, Enercon offers a storm control mechanism, which allows the turbine to generate
electricity at a reduced rate at times of very high wind speeds (above 28 m/s) and only cuts
out at extreme speeds of approximately 34 m/s33. It must be pointed out at this stage, how-

30 Multibrid (2008)
31 Vestas (2008)
32 REpower (2008)
33 Enercon (2008)
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ever, that Enercon does not currently produce offshore wind turbines; the storm control
mechanism is patented34.
Whilst the storm control used for the offshore model power curve does not exactly match the
current Enercon system, it has comparable characteristics. The storm control used for the
model starts at 27.5 m/s and is used for 50% of the nominal power.
Figure 6-20 shows the offshore model power curve used for this study. Apart from the
unsmoothed model power curve, on which all offshore wind farms are based (red line), the
figure also shows the power curve after smoothing as described in Section 6.2.1.5 with additional weighting with the location-specific Weibull distribution for a selected offshore wind
farm (blue line).
Figure 6-20:

Offshore model power curve

Source: IWES

6.2.2.3

Offshore wake losses

In order to take into account wake losses in the methodology for the simulation of offshore
wind power time series 2020, the wind farm efficiency for each offshore wind farm is calculated according to size, wind speed and wind direction. This procedure is illustrated schematically below.

34 Enercon (2003)
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Figure 6-21:

Calculation scheme of offshore wind farm losses

Source: IWES

The calculation of the wind farm efficiency is based on the Farm Layout Program (FLaP, also
see Section 6.2.1.4) using the thrust coefficient characteristics of an offshore turbine.
The Ainslie model is used for the calculation of offshore wind farm effects, as it makes allowances for turbulence intensity. Incorporating turbulence intensity allows realistic modelling of
the offshore conditions. As an approximation, the ambient turbulence is set at 4% for the purpose of calculation, irrespective of wind speed, as this represents a good approximation at an
elevation of 100 m (close to the hub height of 90 m) for a large range (6-16 m/s)35. Below a
wind speed of 6 m/s, however, the turbulence increases considerably. As a result, actual wind
farm losses are expected to be reduced in this range. This is a range, however, in which only
low power is generated, so that this error does not noticeably influence the results.
As another simplification, a square arrangement is chosen for the calculation of efficiencies of
offshore wind farms, which resembles actual wind farm arrangements, as demonstrated by the
Horns Rev offshore wind farm36. For this calculation, no location-specific optimisation is carried out. As an approximation, the four edges of the wind farm are configured in the direction
of the four main points of the compass (cardinal points). For the calculation of the wind farm
efficiencies, a turbine distance of seven rotor diameters is assumed, as is the case for the offshore wind farm Horns Rev37. For the following sensitivity observations, the calculations
were also carried out for turbine distances of 5 and 9 rotor diameters.
The FLaP program calculates the efficiency for each individual turbine and all wind directions
at 1° increments and all wind speeds at 0.5 m/s increments. The program thus calculates the
wind farm efficiency for various possible square sizes from 2 x 2 turbines (20 MW) to10 x 10
35 Kindler et al (2007)
36 Mechali et al (2006), Figure 2.1
37 Mechali et al (2006)
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turbines (500 MW). The calculated results are stored in look up tables depending on the size
of the wind farm and the distance between turbines. Should the actual wind farm size deviate
from the sizes in the table, the wind farm efficiency is calculated from the next larger and next
smaller farm in the look up table using linear interpolation.
The wind farm efficiency is subsequently read out for the relevant wind direction and wind
speed and multiplied with the relevant wind farm power output to take into account wind farm
wake losses at that specific point in time.
Illustration of wind farm efficiency
As discussed above, the wind farm efficiency depends, amongst other things, on the wind
speed and the wind direction. The effect of these two parameters is illustrated below using a
wind farm as an example (Figure 6-22). The illustration shows a wind speed of 3.5 m/s
(startup wind speed) to 15 m/s and a wind direction of 0° – 90° (North - West). The extent to
which the wind farm efficiency changes depending on the parameters is clearly recognisable.
At times of low wind speeds, the wind farm efficiency changes considerably more strongly
(up to 10 percentage points per m/s in extreme cases) than at high wind speeds. At wind
speeds above 14 m/s, the wind farm efficiency is always 100% for the chosen rotor distance
of 7 rotor diameters. The lower the wind speed, the stronger the fluctuation of wind farm efficiency depending on the wind direction. The wind direction has a substantial effect on the efficiency of a wind farm and must therefore be taken into account. A closer examination of the
function of efficiency depending on wind direction shows that the efficiency function is mirrored at 45°. This is due to the symmetry of a square wind farm.

Figure 6-22:

Wind farm efficiency of a square 50 MW* offshore wind farm depending on wind speed and wind direction

*50 MW is equivalent to 10 turbines at 5 MW
Source: IWES
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Sensitivity analysis regarding wind farm efficiency
The efficiency of a wind farm depends on the distance between turbines. For that reason, the
effect of turbine distance in rotor diameters on wind farm efficiency is examined. In general,
it can be noted that the effect is more significant the lower the wind speed. The differences in
wind farm efficiencies are significantly higher at a rotor distance of 5 rotor diameters compared to 7 rotor diameters, than if the distance between turbines is increased from 7 to 9 diameters. This effect is noticeable even for a small wind farm with 9 turbines (45 MW). The
total wind farm efficiency using Weibull distribution of the Fino1 location clearly shows that
the turbine distance becomes increasingly important for larger wind farms. The effect of wind
farm size on wind farm efficiency decreases the larger the farm is; in a simulation with a
square wind farm and 7 rotor diameters ranging from 300 to 500 MW, the efficiency decreases by less than a percentage point (see Figure 6-23). With even higher power outputs,
losses are expected to have even less of an impact.

Figure 6-23:

Total annual efficiency of an offshore wind farm at the Fino1
measurement station depending on wind farm size and turbine distances

Source: IWES

Discussion of wind farm efficiency calculation
The calculation of wind farm efficiency involves a large number of simplifications, including
the use of 5 MW turbines. For offshore projects in the Baltic Sea, considerably smaller turbines are also used at present, for example 2.3 MW turbines38. On the other hand, it is likely
that larger turbines will be developed by 2020. As a consequence, more or fewer turbines will
be required for our model with a constant installed wind farm capacity, which will also have
repercussions on wind farm losses.
Another possible source of error is the fact that the Farm Layout Program (FLaP) does not allow the exact calculation of wind farm efficiency. The “Ainslie” method used here only re-

38 EnBW (2009)
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flects reality approximately and seems to tend to overestimate wind farm efficiency, particularly for large wind farms. A comparison with Horns Rev showed that the figures from the
Ainslie model differ from actual efficiencies from the third row of turbines onwards39. The
resulting losses cannot be quantified within the scope of this study. Our estimates lead to the
conclusion that the relevant loss can result in a deviation in annual yield by several percentages and consequently have a noticeable impact on the calculated annual yield.
An error, which could lead to an underestimation of wind farm efficiency on the other hand, is
the very low estimated ambient turbulence of 4%, as it has been observed for Fino1. According to recent findings, a turbulence of 5% at 90 m height would be more realistic for a location like alpha ventus40. This discrepancy should, however, not have a significant impact.
Many offshore locations are situated in much closer proximity to the coast than the reference
location for the Fino1 measurement. It is consequently expected that a higher ambient turbulence prevails, which results in higher wind farm efficiency through increased impulse transmission in the wake flow41.
Another approximation is the choice of a turbine distance of 7 rotor diameters in square arrangement irrespective of the main and secondary wind direction. In practice, the turbine distance is often greater in the main wind direction than in the secondary wind direction in order
to minimise losses. As it was shown in the sensitivity analysis, a different turbine distance can
change the annual yield by approximately + 2% for 9 rotor diameters and - 4% for 5 rotor diameters in larger wind farms (200 MW or larger). For the simulation, wind farms were always
aligned with their edges in the direction of the cardinal points. In a real context, there is therefore always a possibility to optimise the layout depending on the main wind direction.
The thrust coefficient characteristics of an offshore turbine are used to characterise the wake
flow. If another type of turbine is used, this will result in a change in wind farm efficiency.
Wake effects from different wind farms were not taken into account here, as this effect cannot
be estimated without difficulty. The example of large offshore wind farms in Denmark has
shown, however, that wind exiting the wind farm is on average 8-9% slower than the entry
speed. On exiting, it can take a distance of between 5 and 20 km for the wind to regain 98%
of the speed it had upon entering the wind farm (depending on wind speed, atmospheric stability and number of turbines)42. It can consequently not be ruled out that wake effects can result in a further relevant reduction in the power output of an offshore wind farm, depending
on its distance to another offshore wind farm.
6.2.2.4

Non-accessibility

As well as taking into account wind conditions and wind farm effects, wind farm availability
is of special importance for the simulation of feed-in of electricity from offshore wind farms
in 2020. In this context, the technical availability of turbines and their reduction by so-called
“weather days” plays a major role. Availability is taken into account at two levels. The first

39 Riedel et al (2007)
40 Türk et al (2007)
41 Manwell et al (2002) S. 385
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level is still a basic availability of 97 % (see Section 6.2.1.6). The second level takes into account downtimes, when the turbines are not accessible and damage therefore cannot be repaired. Assumptions must be made for downtimes due to non-accessibility, some of which are
subject to larger uncertainties owing to the fact that offshore wind energy utilisation is still in
its infancy. This particularly applies to its use in Germany, where up to the beginning of 2009,
no offshore wind farms were in operation apart from a few individual turbines43. The calculation of downtimes does not differentiate between locations in the North Sea and the Baltic
Sea. As the planned installed wind power capacity in the North Sea is much greater than in
the Baltic Sea, the development of the model was based on conditions in the North Sea. Figure 6-24 illustrates the process for the calculation of non-accessibility of offshore wind farms.
Figure 6-24:

Determining non-accessibility of offshore wind farms

Source: IWES

Offshore turbines are not always accessible, mainly due to high seas, strong winds and fog so
that they cannot be repaired on certain days leading to reduced availability of offshore wind
farms.44. Experience with the Horns Rev offshore wind farm in the Danish North Sea shows
that turbines at this location have an accessibility of 65% by boat and 90% by helicopter45. To
take into account availability in our model, no differentiation is made between the means of
transport, but an average accessibility of 75% over the four years examined is assumed. This
value is based on the assumption that approximately 50% of defects will be repaired by boat

42 Christiansen et al (2005)
43 dena (2008)
44 Gasch et al (2005), pp. 556 ff
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and by helicopter respectively. This value is also clearly higher than the accessibility previously planned for the alpha ventus location (20-30% of days per year by boat and 60% by
helicopter46), which is located much further from the coast than the above mentioned Horns
Rev. The current study relates to the year 2020, however, so that it can be assumed that technical means will be found to increase the accessibility of the alpha ventus location to within
the range of Horns Rev. This accessibility of 75% was carried over to the alpha ventus offshore location by assuming that it is accessible on the 75% of days with the lowest average
wind speeds. By argumentum e contrario, this means that the 25% of days with the highest
average wind speeds are assumed as not accessible. An average daily wind speed limit was
defined using this information, at which the turbines can be accessed and repairs carried out.
As an approximation, it was therefore assumed that non-accessibility is only caused by excessive wind speeds. This simplification was made based on the assumption of a high correlation
between wind speed and wave height. This high correlation can be observed for Horns Rev 47
as well as for the Fino1 measurement station48. At times of strong winds, turbines thus cannot
be reached by boat. Moreover, strong winds can also prevent personnel reaching turbines by
helicopter. Such an approximation only reflects reality to a limited extent, as it does not cover
days, for example, on which turbines are not accessible due to fog. By contrast, since waves
are low on some days despite high wind speeds, the turbines can still be reached by boat. The
model tends therefore to overestimate the importance of wind speed in relation to the accessibility of turbines. Despite this simplification, an essentially realistic result is expected.
Failure rate during non-accessibility
When turbines are not accessible, availability is reduced due to the turbine failure, which
temporarily cannot be repaired. This reduction occurs at a frequency of 2.5 failures per year
and turbine, which corresponds to the failure of onshore turbines (see Section 6.2.1.6). At a
constant failure rate ( ), this failure value is equivalent to a gradient of 0.029% per hour (or
0.007% per 15 minutes). As this value is the same for all turbines, this gradient also applies to
the entire wind farm. The choice of a constant failure rate means that no incremental failure of
individual turbines in the wind farm is assumed in the simulated time series for electricity
feed-in from offshore wind power, as it happens in reality (see Figure 6-25). This simulation
results in slightly different failure characteristics, particularly for wind farms with a small
number of turbines. Figure 6-25 illustrates this by comparing continuous failure to incremental failure. For the entire network of offshore wind farms, this type of failure would not
bring too much change, however, as for a total size of 20 GW, the failure of individual 5 MW
turbines would not be noticeable.

45 Vestergaard (2005)
46 DOTI (2007)
47 Neckelmann (2000), p. 24
48 Argyriadis et al (2004), p. 13
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Figure 6-25:

Example of a wind farm availability curve for wind farms with few
turbines (20)

Source: IWES

To take into account the fact that turbines have a tendency towards higher susceptibility to
damage at higher wind speeds due to resulting higher loads, the failure rate is multiplied with
a wind speed-dependent failure factor. Preliminary work to determine the failure factor was
carried out in the study “Einfluss der Witterung auf Windenergieanlagen" (Impact of Atmospheric Conditions on Wind Turbines) 49 and in “Reliability of Wind Turbines - Experiences
of 15 years with 1,500 WTs”50. For the following supplementary analysis, only turbines of
500 kW or larger and hourly values instead of daily values are used. Figure 6-26 shows that
failure frequency increases at higher wind speeds. The yellow line is the result of the ratio between the failure frequency and the wind speed frequency. The failure factors (black lines) are
the result of the average value for this ratio within three classes (which represent the three
performance ranges “downtime”, “part load” and “nominal load”) weighted with the frequency of occurrence of a wind speed. It is apparent that failures are approximately 30% more
frequent in the nominal load range than in the part load range. Failures in the cut-in wind
speed range are still approximately 30% less frequent than in the part load range. It should be
pointed out at this stage that turbines can occasionally also generate electricity in the start-up
wind speed range and are therefore subjected to stresses by wind, as the wind speed sometimes exceeds the cut-in wind speed for the turbines even under these conditions.

49 Hahn (1997), p. 5
50 Hahn et al (2006)
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Figure 6-26:

Failure frequency depending on wind speed

Source: IWES

To illustrate this, Table 6-8 below again shows the classes and the failure factor depending on
the wind speed.
Table 6-8:

Wind speed-dependent failure factor (k) classes

Source: IWES

If availability is reduced due to turbine failure, the number of turbines that can still fail decreases, resulting in a reduction of the absolute failure speed for the wind farm. This fact is
taken into account by multiplying the remaining power output with the failure rate and the
failure factor k. This results in the following equation for a failure at the time t during the nonaccessibility of a turbine:
failure (t )= availability(t-1) * k *

To determine the availability at the time t, the failure at the time t is subtracted from the availability for the previous 15 mins.
availability(t) = availability(t-1) - availability(t-1) * k *
k= Failure factor
= Failure rate [%/15min]
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Repair rate during non-accessibility
When turbines are accessible again, they can be repaired. This is the start of the repair phase.
This repair phase can be simulated with the help of a constant gradient, the repair rate, which
leads to the continuous increase of availability. It is, however, not possible to easily determine
this gradient, as the speed of the repair significantly depends on the type of damage. Looking
at the damage occurring in onshore installations, failures can be divided into two categories
by way of simplification:
1. defects, which can be rectified in the short term (<2 days)
2. defects, which can be rectified in the longer term (>2 days)
Defects that “can be rectified in the short term” are, amongst others, those relating to electrical equipment, electronic control units, sensors and hydraulic units. These components fail
approximately 1.5 times per year overall (and are therefore responsible for 60 % of all failures) and result in an average onshore downtime of 1.5 days per failure. Defects that “can be
rectified in the longer term” are, amongst others, those relating to the yaw system, rotor
blades, mechanical brake, rotor hub, gear unit, generator, weight-bearing parts/housing and
drive train. Such failures occur approximately once a year (and are therefore responsible for
40% of all failures) and result in an average downtime of 4 days per failure51.
Based on these experiences, considerations were made regarding the repair speed for the
simulation model. Different gradients were assumed between 1% and 5% of the nominal
power of the wind farm per day.
Table 6-9:

Number of repaired 5 MW turbines per day depending on the repair rate

Source: IWES

Depending on the extent of the damage occurring during non-accessibility, these repair rates
result in different repair times (see Figure 6-27).
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Figure 6-27:

Repair time for defects after non-accessibility

Source: IWES

A repair rate of 2% of the nominal wind farm power per day was finally chosen.
Evaluation of wind farm availability
To illustrate the simulation of downtimes, the following extract shows a time series of the
availability at the alpha ventus location (see Figure 6-28). It is apparent that availability is reduced during phases of strong winds. Almost two weeks after a phase of strong winds in February, for example, availability thus drops from a basic level of 97% (see Section 6.2.1.6) to
just under 90% of the nominal power of the wind farm. It is also apparent that longer periods
of strong winds occur in the winter months, which result in a limited accessibility of turbines.
In spring and summer, there is a tendency towards shorter periods of non-accessibility of turbines due to shorter periods of high wind speeds.
Figure 6-28:

Modelled availability of an offshore wind farm in 2004

Source: IWES

51 ISET (2005), p.74
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Overall, non-accessibility reduces the temporal availability of offshore wind farms from 97%
(basic availability) to 96.2% on average. As turbines are not accessible during times of strong
winds, in particular, the average energetic availability of 95.6% is even lower than the temporal availability. Compared with the 93% approximated by a single value in the dena grid study
I, this results in an increase of energy yield by 2.6 percentage points. To investigate this further, availability in the North Sea is compared to the Baltic Sea (see Table 6-10). The calculated temporal availability in the North Sea is 0.6 percentage points lower and energetic availability 1.1 percent lower than for the Baltic Sea. The calculated energy yield losses based on
non-accessibility in the North Sea (-1.5% compared to basic availability) are consequently
approximately two-thirds higher than in the Baltic Sea (-0.8% compared to basic availability).
The most extreme reduction of availability of an individual wind farm in the four years
showed a drop in availability to 80.4%. An investigation of the minimum availability of a
wind farm in the Baltic Sea in these four years (85.1%) shows that this was approximately 4.7
percent higher than in the North Sea.
Table 6-10:

Overview of wind farm availability

Source: IWES

In order to evaluate whether the availability calculated with the model is in a realistic dimension, availability is compared to measured wind farm data. Today, well running wind farms
already achieve availabilities in the range of 95 to 96% (e.g. Horns Rev 95%,
Nysted>96%)52. At 95.6%, the average energetic wind farm availabilities calculated here
consequently represent a high, but realistic value. Of course it is also obvious that some of
Germany’s offshore wind farms in the North Sea are located significantly further away from
the coast than the offshore wind farms they are compared to; technological progress anticipated by 2020 means, however, that a high degree of availability will also be expected for
these wind farms. Research and development is currently being conducted into many aspects
of availability improvement. There are many different approaches in this respect, such as special systems to increase the accessibility of turbines by boat53.

52 Holmstrøm (2007), p. 19
53 Salzmann et al (2007)
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6.2.3
6.2.3.1

Onshore-specific process steps
Embedding the onshore scenario

Average capacity-weighted hub heights and power curves for each grid node must be specified for 2020 for the process of generating onshore wind power time series 2020 (see flow
chart Figure 6-8). These two grid node characteristics for 2020 are derived on the basis of current grid node features and the wind power scenario developed for this study, as well as assumptions regarding future hub heights and power curves and repowering (see following flow
chart).
Figure 6-29: Embedding the onshore scenario

Source: IWES

Allocation of wind turbines to grid nodes
The allocation of wind turbines to grid nodes, whose positions are known from Section 6.1.5,
is based on the shortest distance, i.e. each wind turbine is allocated to its nearest grid node.
The thus specified installed wind power capacity on each grid node was checked by the TSOs
and accepted as sufficiently accurate. This resulted in 1186 grid nodes with installed wind
power (see Figure 6-1).
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Removal of old wind turbines
As it cannot be expected that all wind turbines installed in 2007 will still be operational in
2020, a maximum age for wind turbines must be assumed. In this context, a general life-span
of 20 years is assumed, which forms the basis for most contract periods or profitability calculations and which is also specified as the minimum estimated life-span in the certification
guidelines of the German Civil Engineering Institute54 and Germanischer Lloyd WindEnergie
GmbH55. The assumption of a maximum age of 20 years is equivalent to the assumption regarding repowering in Section 2.1.1. To take into account this assumption regarding repowering, all wind turbines built before 2000 are removed from the grid nodes for the following
process steps. The assumptions regarding repowering also stipulate that of all plants, which
were constructed between 2000 and 2005, half will have been replaced with new ones in
2020. This removal of old wind turbines in the course of repowering measures is carried out
separately for each grid node by firstly replacing old wind turbines through repowering. If a
grid node has an uneven number of so-called "repowering" turbines, the figure is rounded up
or down at random.
Allocation of WTs to regions in the scenario
The next step for embedding the onshore scenario into the process of generating onshore wind
power time series 2020 is the assignment of WTs to the regions in the onshore scenario. The
onshore scenario (for characteristics, see Section 3 Table 3-2) outlines the expected installed
wind power capacity for 2020. This is carried out partly on the level of administrative districts
and partly on the level of planning regions, which consist of administrative districts. A development factor is defined for each administrative district and/or planning region, which expresses to what extent the installed wind power capacity will change from the current value by
2020. This requires a definition of the currently installed wind power capacity for each administrative district or planning region, which is determined by combining towns/villages to administrative districts or planning regions and by allocating wind turbines to towns/villages;
this process helps to determine which wind turbines are located in which administrative area
or planning region. The expansion factor is based on the ratio of installed wind power capacity in 2020 to the currently installed wind power capacity in the administrative district or
planning region. In some administrative districts, the installed wind power capacity estimated
for 2020 has already been exceeded, resulting in a development factor below 1. This can be
realistic if dismantling without repowering is assumed for the relevant areas. This dismantling
without repowering accounts for 390 MW on aggregate and thus represents a relatively low
figure compared to the overall onshore development.

54 DIBt (2004), p. 25
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Grid nodes 2020
The expansion factors of administrative districts or planning regions are multiplied with the
relevant nominal power of the wind turbines in the administrative district or planning region.
The nominal power of a grid node in 2020 is the sum of the capacities of the wind turbines
in the grid node (excluding old wind turbines) multiplied with the expansion factors. It is entirely possible that several expansion factors carry weight in a grid node if the wind turbines
of the grid node are located in different administrative districts. Figure 6-30 illustrates this
fact and shows the way of allocating wind turbines, grid nodes and administrative districts for
the study.
Figure 6-30: Determining the nominal power of the grid nodes 2020

Source: IWES

The missing percentage of current nominal power of grid nodes excluding old wind turbines
in comparison to the nominal power of grid nodes for 2020 is used to determine the average
hub height and power curves for grid nodes in 2020.
The power curves of grid nodes 2020 are the result of the aggregated power curves of all wind
turbines, which are already erected today and which will remain until 2020 and the onshore
model power curve for future wind turbines in the relevant grid node. The onshore model
power curve is normalised to the share of nominal power of grid nodes in 2020, which is not
yet covered by wind turbines which are already erected today and which will remain until
2020.

55 GL (2008), p. 117d
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The average capacity-weighted hub height hNK,2020 of each grid node in the year 2020 results
from the following relation:

,
where

.
hWT,2020 = Future wind turbine hub height [m]
PNGN,2020 = Nominal power of grid node in 2020 [MW]
N = Number of wind turbines for grid node 2007 excluding old turbines
PWTi,2007 = Nominal power of the i-th wind turbine of the grid node 2007 excluding old turbines[MW]
hWTi,2007 = Hub height of the i-th wind turbine of the grid node 2007 excluding old turbines
[m]
6.2.3.2

Onshore wind turbines 2020

The assumptions, which have to be made for onshore wind turbines for the year 2020, relate
to their hub heights and power curves. The assumption regarding the future hub heights of onshore wind turbines is required for the calculation of the average capacity-weighted hub
heights of grid nodes in 2020 according to the above equation. The assumption regarding the
power curves of future onshore wind turbines is required for the compilation of grid node
power curves 2020 (also see previous section).
Future hub heights of onshore wind turbines
To calculate the average capacity-weighted hub heights of grid nodes in 2020, an assumption
must be made regarding the hub heights of future wind turbines. A reliable assumption in this
respect is only possible to a limited degree due to the strong dependency on future technical,
legal and political circumstances; examples of influential factors are unpredictable height restrictions, building approval or transport restrictions. In order to be able to estimate a realistic
value, Figure 6-31 shows the hub heights of all wind turbines constructed in Germany since
1982 as well as the average value of 100 consecutively built wind turbines. It is apparent that
the increase has levelled off slightly in the past five years, but hub heights are still increasing.
The figure also gives a good illustration of maximum hub heights showing one turbine with a
hub height of 160 m and others with hub heights of more than 120 m.
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Figure 6-31:

Hub heights of all German wind turbines built until 2008

Source: IWES

Figure 6-32 shows the capacity-weighted average hub height of all wind turbines per year
(blue bars). Here, too, a flattening tendency is apparent after 2004. The yellow bars show the
hypothetical development if the average hub height increased by approximately 2.2 m per
year so that all windturbines built between 2009 and 2020 have an average hub height of 110
m. Together with the hub heights of wind turbines, which were built before 2008 and which
will remain until 2020 based on assumptions regarding repowering, the value of 110 m is used
to calculate the hub heights of grid nodes in the year 2020, to which the wind speed is logarithmically interpolated.
Figure 6-32:

Current and expected wind turbine hub heights

Source: IWES
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Figure 6-32 also shows the hub heights for 2009 to 2020, if they were to increase by approximately 4.5 m per year (red bars). Such a development would result in an average hub height
of 150 m in 2020. Based on first constructional observations in the European research project
“UpWind”56, this value is technically feasible and represents a realistic hub height for 20 MW
plants. This development would correspond to an average hub height of approximately 125 m
for the entire period between 2009 and 2020. The value of 125 m is used for the sensitivity
calculation described below.
Onshore model power curve
As described above, the power curves of grid nodes 2020 are a result of the power curves of
all wind turbines, which are already erected today and which will remain until 2020 on the
one hand and the model power curve for future turbines in the relevant grid node on the other.
The model power curve is based on the power curves for the Vestas V90/2 and the Enercon E
82. Table 6-11 shows that these models make up 20.3% and 12.5% respectively of all wind
turbines erected in 2007 in Germany. In contrast, 5.8% of all wind turbines installed in 2007
were of the REpower MM 92 type (4th ranking wind turbine type), significantly less compared to the types mentioned above. With 32.7%, only the Enercon E 70 was fitted more frequently. This figure also includes installations of the type Enercon E 66. This wind turbine
type was, however, omitted in favour of the more modern Enercon E 82 when drawing up the
model power curve.
Table 6-11:

WT types installed in 2007

Source: IWES

A comparison of the power curves of the Vestas V 90/2 and Enercon E 82 in Figure 6-33
shows that they are relatively similar. The onshore model power curve, which is also shown,
was created from the average values of these two power curves.

56 Sørensen et al (2008)
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Figure 6-33: Onshore model power curve

Source: IWES

To evaluate the effect of this model power curve on the results of the onshore wind power
simulations, a sensitivity evaluation with other model power curves is carried out below. The
composition of these power curves can also be found in the last column in Table 6-11, where
the power curves are assigned to a specific model.
Sensitivity calculation for the assumptions regarding future onshore wind turbines
To evaluate the effect of these assumptions regarding future onshore wind turbines on the results of the generated onshore wind power time series 2020, sensitivity calculations with
higher hub heights for future wind turbines and other model power curves were carried out.
The full load hours of the single wind power time series of all German wind turbines 2020 are
used for this evaluation. The sensitivity calculations are based on the wind year 2007.
The one change that was made in the sensitivity calculations is that an average hub height of
125 m instead of 110 m is assumed for all wind turbines built between 2008 and 2020. As already explained in Figure 6-32, a hub height of 125 m represents a feasible development, but
must certainly be considered as an extreme case.
To generate the onshore wind power time series for turbines built between 2008 and 2020, a
model power curve is used, which is based on averaged normalised power curves for the Enercon E 82 and the Vestas V90/2. In the sensitivity calculations, this model power curve
(hereinafter referred to as “Type 1”) is replaced by the normalised power curve for the Enercon E 70 (“Type 2”) on the one hand and by the averaged normalised power curves for the
REpower MM 92 and the Vestas V82/1.5 (“Type 3”) on the other. Information on the wind
turbines, on which the three types of model power curves are based, was already listed in Table 6-11. This information illustrates that the model power curve for type 2 has a significantly
smaller, and the model power curve for type 3 a significantly higher ratio of rotor surface to
nominal power than the model power curve for type 1. This ratio is also evidenced by the
steep nature of the respective power curve in Figure 6-34. As in the process for generating onshore wind power time series 2020, the onshore model power curve is scaled with the nominal
power value, which is not covered by wind turbines, which are already erected today and
which will remain until 2020 based on repowering assumptions 2020, a steeper model power
curve results in much higher yields.
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Figure 6-34:

Model power curves for the sensitivity calculation

Source: IWES

The very steep model power curve for type 3 is equivalent to that of a typical inland installation, whilst the very flat model power curve for type 2 represents a typical coastal installation.
The use of these two model power curves in the context of sensitivity calculations should certainly be considered an extreme case
Table 6-12 shows the results of sensitivity calculations in the form of the resulting full load
hours for onshore wind energy feed-in for the whole of Germany 2020 (single onshore wind
power time series of all German wind turbines 2020).
Table 6-12:

Results of sensitivity calculations

Source: IWES

The results of the sensitivity calculations range between 1855 and 2534 full load hours. If
2151 full load hours are used as the benchmark, a reduction by 13.8% or increase by 17.8% of
full load hours is possible in line with the assumptions for the sensitivity calculation. Against
this background, an assumed hub height for future plants of 110 m and the use of the type 1
model power curve seem moderate for the assumptions regarding the generation of onshore
wind power time series.
6.2.3.3

Onshore-wake losses

The turbines in a wind farm shadow each other depending on their position, height and rotor
diameter. As a consequence, a wind turbine, which is situated behind another turbine in relation to wind direction, is exposed to reduced wind speeds. This effect is taken into account for
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all onshore grid nodes in the methodology for the generation of onshore wind power time series by using an average wind efficiency curve, which produces a reduction of wind speeds.
Figure 6-35 illustrates the process for determining onshore wake losses in the form of a flow
chart.
Figure 6-35: Determining onshore wake losses

Source: IWES

To determine the average wind efficiency curve, the exact location of the wind turbines of 12
different reference wind farms located all over Germany (Section 6.1.3) were determined using satellite photographs. It is known from the base data from Section 6.1.6 what wind turbine
types are installed in these wind farms. If a wind farm has several turbine types, the type information for the traced locations was assigned based on identification of turbine groupings
and turbine heights. If this was not possible either, the turbines in the satellite pictures were
randomly assigned to the plants in the base data. The left-hand part of Figure 6-36 shows the
number of turbines and the nominal power of the 12 wind farms used to determine wake
losses.
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Figure 6-36: Wind farms used to determine wake effects

Source: IWES

The right-hand side of Figure 6-36 shows the relative distance between the wind turbines. To
be able to show all 12 wind farms in one picture, the position of the most westerly and most
southerly turbine of each wind farm were set to zero.
The illustration shows that the wind farms largely extend to an area of 4 km². Only four of the
examined wind farms were spread significantly further apart. These seem to represent several
wind farms, to be precise, which feed into the same substation. The illustration also shows
that the information regarding the size and number of turbines does not allow any conclusions
regarding their geographical distribution. Wind farm No. 10 featuring 14 turbines, for example, is more widely spread out than wind farm No. 7 with 16 turbines. Nor can a measure for
the spatial distribution of turbines be found with the information regarding locations from the
base data (Section 6.1.6), which is village/town-specific. As an example, wind farm No. 9 is
assigned to a town, whilst wind farm No. 3 is assigned to two towns. For this reason, no grid
node-specific wake effect can be determined to reflect wake effects in the generation of the
wind power by the grid nodes. In fact, only average wake effects can be integrated into the
methodology.
In order to calculate the reduction of wind speeds through wake effects, the location, type,
hub height and rotor diameter of the 12 wind farms examined are entered into the Farm Layout Program (FLaP, see Section 6.2.1.4) and the effective wind speeds of each turbine for
every wind speed and direction are calculated. In this context, the model by N.O. Jensen57
with a wake opening angle of 0.06 and a standardised thrust coefficient curve is used. The
wind efficiency fields of the wind turbines calculated in this manner are averaged for each
wind farm with a capacity weighting, so that wind turbines with a high nominal power carry
more weight. The left-hand part of Figure 6-37 shows the resulting wind efficiency field for
wind farm No.2.

57 Jensen (1986)
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Figure 6-37:

Wind efficiency field of a wind farm and onshore wind efficiency
curves

Source: IWES

In a next step, every wind efficiency field of the 12 wind farms is averaged over all wind directions taking into account the frequency of wind directions. The right-hand part of Figure
6-37 shows the wind efficiencies of individual wind farms and their average value, which is
used to generate the onshore wind power time series.

6.3

Analyses
6.3.1

Offshore wind power time series 2020

Table 6-13 shows a few characteristics of the simulated wind power time series for the 46 offshore wind farms for the year 2020, normalised to their nominal power. The first column
shows the characteristic, which was calculated for each of the 46 time series. From the 46 resulting characteristics for all offshore wind farms, the table shows the capacity-weighted average value, the maximum value and the minimum value. In terms of capacity weighting, the
wind farms were averaged based on their share of the total installed offshore wind power capacity 2020. Wind farms with high nominal power consequently carry more weight in this respect. The wind power time series are available as 15 min average values. “Maximum power
increase” refers to the maximum increase from one 15 min average value to the next; “maximum power decrease” refers to the maximum decrease from one 15 min average value to the
next.
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Table 6-13:

Characteristics of offshore wind power time series 2020

Source: IWES

The strong wind year 2007 results in the highest average full load hours and the highest capacity factors in the simulation of offshore wind power time series 2020. However, the highest amount of full load hours (4513 h) for a wind farm was achieved in the wind year 2005.
The maximum 15 min average values in the offshore wind power time series are achieved at
96.5% of their nominal power, which can be attributed to the overall reduction in power due
to electrical losses (0.5%) and non-availability (3%) of wind farms. These maximum values
are achieved for every wind year and by every wind farm. The minimum power values are not
listed in the table, but are zero for every wind year and every wind farm. The maximum
power increases for each wind year range on average between approximately 57% and 60% of
the relevant installed nominal power of the wind farm. At approximately 52% to 56% on average, the maximum power decreases are slightly lower. The maximum change from one 15
min average wind power value to the next occurs in the wind year 2007 and amounts to
77.8% of the nominal power of the wind farm, which is equivalent to a change of 311 MW for
a nominal capacity of 400 MW.
In order to evaluate the smoothing effect when feeding in offshore wind energy, offshore
wind farm groupings are examined below. Figure 6-38, Figure 6-39 and Figure 6-40 illustrate
the power duration curves, frequency distributions of 15 min mean feed-in power values and
the frequency distribution of the increments of 15 min mean power values for these groupings, each normalised to the corresponding rated capacity and for the wind year 2007.
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Figure 6-38:

Duration curves of simulated offshore wind power 2020 for the
wind year 2007

Source: IWES

The power duration curves show from what number of hours onwards the level of wind power
feed-in exceeds a minimum value in the wind year 2007. The curve shape, whose integral is
equivalent to an annual energy supply, depends on the level of wind energy supply and the regional distribution of offshore groupings. All curves only reach a maximum value of 96.5% of
the installed capacity. For all curves, with the exception of the curve for the “Baltic Sea“
grouping, a minimum of approximately 53% of the installed capacity is achieved during 4000
hours. In the case of wind energy feed-in from the Baltic Sea, only approximately 43% of the
installed capacity is achieved during 4000 hours. In terms of feed-in of wind energy from the
Baltic Sea, on the other hand, high capacities in excess of 85% of the installed capacity occur
more frequently than for wind energy feed-in from the North and Baltic Seas. Whereas the
“North & Baltic Seas” grouping achieves a minimum of approximately 15% of the installed
wind power capacity during 7000 hours, the smaller groupings only achieve a maximum of
approximately 8-12% of their installed capacity during this period.
Figure 6-39:

Frequency distributions of simulated offshore 15 min mean wind
power values 2020 for the wind year 2007

Source: IWES
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This smoothing of wind energy feed-in for larger wind farm groupings is also apparent in the
frequency distributions for wind power feed-in. Whilst individual wind farms frequently display low or high power values normalised to their nominal power, the offshore region, in
which the wind farm is located, shows more power values in the medium rated capacity range.
This smoothing effect increases further for larger groupings. Larger groupings feed in very
high and low normalised power levels less frequently and medium normalised power levels
more frequently. The wind energy feed-in from the Baltic Sea shows fewer values in the high
rated capacity range in comparison to the North Sea, despite being smaller. This is due to the
fact that high wind speeds are less frequent in the Baltic Sea than in the North Sea. The Baltic
Sea has more calms, which also explains the high proportion of power in the low rated capacity range observed with regard to wind energy feed-in from the Baltic Sea.
Figure 6-40:

Frequency distributions of increments of simulated offshore 15 min
mean wind power values 2020 for the wind year 2007

Source: IWES

The smoothing effect is most obvious when looking at the frequency distributions of wind
power increments. The individual wind farm fluctuates by up to approximately 55% of its
nominal power from one 15 min mean value to the next, whilst the Borkum region, in which
the wind farm is located, only fluctuates by up to approximately 27% of its rated capacity.
Due to the wider spread distribution of wind farms, the wind energy feed-in from the entire
Baltic Sea shows even fewer extreme wind power increments than the Borkum region, despite
the fact that the respective installed wind power capacity is not even 50% of that installed in
Borkum. Even lower wind power fluctuations were observed for the entire North Sea region.
The combined North and Baltic Sea region (i.e. the entire offshore area) shows the fewest extreme and therefore the most small wind power fluctuations. Further analyses of the smoothing of wind energy feed-in can be found in Section 6.3.3.
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6.3.2

Onshore wind power time series 2020

Table 6-14 lists a few characteristics of the simulated wind power time series of the 1186 onshore grid nodes for the year 2020, normalised to their rated capacity and is structured like
Table 6-13 for offshore wind power time series. The first column again shows the characteristic, which was calculated for each of the 1186 time series. From the 1186 resulting characteristics for all grid nodes, the capacity-weighted mean value, the maximum value and the minimum value are given in the table.
Table 6-14:

Characteristics of onshore wind power time series 2020

Source: IWES

The full load hours and capacity factors of onshore wind power time series are considerably
lower compared to offshore wind power time series, which is due to worse weather conditions
as well as the large proportion of turbines, which has been built up to now and which is incorporated in the onshore simulation process taking into account the assumptions regarding repowering. The installed rated capacity of these turbines constitutes approximately a third of
the onshore installed wind power capacity in 2020. Due to the fact that they largely feature
lower hub heights and flatter power curves compared to the assumed hub height and model
power curve of future installations, these turbines pull the onshore full load hours down to a
lower level.
The table also shows that the actual wind power does not reach the rated capacity for any of
the grid nodes. This is due to the fact that each time series was reduced by a flat-rate of 2.5%
to take into account electrical losses and losses through non-availability of wind energy
plants. Some grid nodes show power values in excess of 97.5% of their rated capacity due to
rounding. The wind power time series of all grid nodes with a rated capacity in excess of or
equivalent to 1 MW were rounded to 10 kW, all smaller grid nodes to 0.01 kW. Grid nodes
with power values significantly larger than 97.5% of the rated capacity are therefore small
grid nodes with a nominal power of slightly above 1 MW. As a consequence, there are only 4
grid nodes, which reach power values above 98% of the rated capacity for the wind year
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2007. They have rated capacities of 1.06 MW, 1.51 MW, 1.17 MW and 1.07 MW. The minimum 15 min average values of onshore wind power time series occurring in the time series
are not listed in the table, but are zero for every wind year and each grid node.
The maximum increases and drops in the time series from one 15 min mean value to the next
are between approximately 55% and 62% of the rated capacity of the respective grid node on
average. These average values are comparable and only slightly below those observed for the
offshore wind power time series. However, the maximum and minimum power increases and
drops are significantly more varied than in the offshore scenario, which is attributable to the
large number and heterogeneity of onshore grid nodes. One of the 1186 simulated grid nodes,
for example, shows a maximum power drop of only 33% of its rated capacity for the wind
year 2005. Similarly, another grid node jumps from a 15 min mean value of 0.9% to a 15 min
mean value of 97.5% of its rated capacity, which, however, does not carry much weight at a
installed wind power capacity of 35 MW. In order to gain an insight into average power
changes, Figure 6-41 illustrates the average frequency distributions of power increments for
all onshore wind power time series in 1% classes. The simulation methodology was optimised
in order to replicate measured fluctuations in wind power for reference wind farms.
Figure 6-41:

Mean frequency distribution of power increments for simulated onshore wind power time series 2020

Source: IWES
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6.3.3

Simulated overall wind power feed-in of the German power
system 2020

The wind power time series of the 1186 onshore grid nodes and 46 offshore wind farms are
added up for every point in time in order to examine the wind energy feed-in 2020 throughout
Germany (simulated overall wind power feed-in of the German power system 2020). The total
installed wind power capacity for the year 2020 is specified by the scenario and amounts to
Pn,Onshore=36.976 GW onshore and Pn,Offshore=14.07 GW offshore. Table 6-15 shows a few
characteristics of the simulated overall wind power feed-in of the German power system 2020
for the 4 wind years.
Based on the full load hours and capacity factors, it is apparent that the wind year 2007 has
the highest annual yield. This can be explained by the high wind speeds in this year. In comparison to the full load hours, which are currently achieved, the full load hours of the simulated overall wind power feed-in of the German power system 2020 are significantly higher.
In 2007, when offshore wind energy was non-existent in Germany, the actual full load hours
from wind energy feed-in amounted to approximately 1,870 throughout Germany. With 2,151
full load hours, the onshore simulation for 2020 based on the wind speeds of that year is significantly higher on average. The addition of offshore wind energy results in a figure of 2,726
full load hours. The fact that 2007 was a particularly strong wind year is also evidenced in the
power duration curves of the simulated overall wind power feed-in of the German power system 2020(onshore & offshore) in Figure 6-42. For almost all hours, the duration curves for the
wind year 2007 are above those for other wind years.

Table 6-15:

Characteristics of the simulated overall wind power feed-in of the
German power system 2020

Source: IWES
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Figure 6-42:

Power duration curves for simulated overall wind power feed-in of
the German power system 2020(onshore & offshore)

Source: IWES

The comparison between onshore and offshore full load hours in Table 6-15 for the 4 wind
years illustrates that offshore wind energy is more stable over the years. Whilst the strongest
onshore wind year (2007) shows approximately 23% more full load hours than the weakest
year (2004), the difference (wind year 2007 to 2006) in the case of offshore energy only
amounts to approximately 8.5%. This comparison also illustrates that a strong wind year onshore does not necessarily translate to a strong year offshore, for example.
The full load hours and mean values (capacity factors) of the standardised simulated overall
wind power feed-in of the German power system 2020in Table 6-15 are significantly higher
offshore than onshore for all wind years. The ratio of these values for offshore and onshore
for each wind year is higher than 2, due to the fact that significantly higher wind speeds prevail offshore than onshore (even when averaged) and only modern installations are used offshore. In terms of the exact number of full load hours or mean values, it must be noted, however, that they greatly depend on the assumptions made for the simulations (see for example
sensitivity analysis in Section 6.2.3.2 or Section 6.2.2.4).
Figure 6-43 shows how many power values of the simulated overall wind power feed-in of
the German power system 2020fall into certain classes of 10% of the installed wind power
capacity. Whilst onshore, the frequencies decrease with increasing power classes, more than a
third of the power values fall into the upper third of installed wind power capacity values in
the offshore simulation. Although the illustration is based on the single wind power time series of all German wind turbines 2020 simulated for the wind year 2007, the tendencies can be
largely applied to other wind years.
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Figure 6-43:

Frequency distribution of power classes of simulated overall wind
power feed-in of the German power system 2020for the wind year
2007

Source: IWES

Table 6-15 also shows the maximum 15 min values of simulated overall wind power feed-in
of the German power system recorded for the various wind years. Offshore, the maximum
possible 96.5% of offshore installed wind power capacity is achieved. The remaining 3.5% to
make up 100% correspond to the flat-rate capacity losses assumed for the simulation (due to
electrical losses in and non-availability of wind farms). It can consequently be concluded that
there are times at which all offshore wind farms feed in the maximum possible wind power.
This is not the case onshore; at no point in time is 93% (or more) of onshore installed wind
power capacity achieved. This is due to the smoothing process applied onshore to reflect the
widespread distribution onshore.
A closer look at the minimum 15 min values in the simulated overall wind power feed-in of
the German power system 2020in Table 6-15 reveals that there are times when almost no
wind power is fed into Germany’s electricity grid from onshore and offshore wind turbines.
The “maximum power increase” and “maximum power drop” columns in Table 6-15 show
the maximum changes, which occur from one 15 min value to the next within the single wind
power time series of all German wind turbines 2020 for the various wind years. These are significantly higher offshore (about twice as high) as onshore, which is also due to higher
smoothing onshore. Figure 6-44 shows the frequency distributions of power changes for thesimulated overall wind power feed-in of the German power system 2020, i.e. the 15 min wind
power increments for 0.1% classes of the respective installed wind power capacity and for the
wind year 2007. High wind power increments are significantly more frequent offshore than
onshore. The most extreme increments in the illustration, i.e. the points which are located furthest left or right, correspond to the respective information in Table 6-15. When onshore and
offshore wind power time series are merged, the number of extreme increments is even lower.
The frequency distribution of wind power increments of the combined onshore and offshore
wind power time series is narrower than that for onshore alone. The addition of offshore wind
farms produces a more even feed-in of wind energy from all over Germany.
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Figure 6-44:

Frequency distribution of power increment classes for the simulated overall wind power feed-in of the German power system
2020for the wind year 2007

Source: IWES

6.3.4

Simulation of storm cut-off

In order to investigate to what extent the methodology for the generation of wind power time
series 2020 correctly simulates stormcut-offs, respective incidence times at the reference wind
farms (Section 6.1.3) were identified58. Wind speeds measured through the IWES measurement network as well as wind power measurements were used to detect storm cut-offs; each
reference wind farm was assigned the nearest measuring mast. 98 storm cut-off incidences
were detected in 29 wind farms based on the criterion of wind speeds in excess of 20 m/s with
wind farm power below 80% of the nominal power. These storm cut-off incidences are dispersed over a total of 8 storms between 2004 and 2007. Figure 6-45 shows the measured and
normalised wind power feed-in for storm cut-offs above the relevant wind speeds from the
weather model data for the reference wind farm locations.

58 DWMon (2007)
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Figure 6-45: Simulation of storm cut-offs

Source: IWES

This illustration shows that wind power values in the entire nominal power range (blue dots)
can occur at times of high wind speeds (more than 20 m/s). This extremely variable behaviour
of wind farms at wind speeds in the range of storm cut-offs complicates a realistic simulation.
The correct forecast of storm cut-offs is in fact the subject of current research (see also Section 21.3). For the purpose of this study, it must therefore suffice to at least correctly reproduce average storm cut-off measures. The smoothed power curve was compiled using the first
and third parameters from Section 6.2.1.7 from the aggregated power curves (black line),
which represents the sum of all wind turbine WT power curves for the wind farms used for
the analyses of storm cut-offs with subsequent normalisation.
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Generation of time series for the feed-in of electricity from photovoltaic installations for the year
2020

For the present study, a total installed photovoltaic capacity of 17.9 GW is assumed for Germany for the year 2020 (see Section 6 Table 6-1). To be able to adequately take into account
the weather-, day- and season-dependent feed-in from photovoltaic installations (PV installations) in the grid calculations for the study, the time series for the feed-in of PV power 2020
are generated in a temporal resolution of 15 minutes and a spatial resolution of federal states.
The rated PV capacities of the individual federal states of Germany for 2020 required for this
were taken from the year 2005 and the scenario for 2015 from the study “Wertigkeit von PVStrom" (Quality Rating of PV power)59 and linearly extrapolated until their sum was equivalent to 17.9 GW. As illustrated in the upper part of Figure 7-1, the target value of 17.9 GW is
reached at the end of 2020, the base year of the current study; this shows that the method is
well suited to determine the total PV installations for the federal states in 2020 for the current
study.
Figure 7-1:

Determining installed PV capacities 2020 and comparison to the
current

Source: IWES

59 Bofinger (2007)

111

Generation of time series for the feed-in of electricity from photovoltaic installations for the year 2020

The lower part of the illustration shows the development of PV figures in recent years 60,61. A
total capacity of approximately 4 GW PV power was installed in 2009 and the total installed
PV capacity in Germany already exceeded 10 GW at the beginning of 2010. In Bavaria, already more PV capacity was installed in 2010 than the method for determining PV installation
figures for 2020. Further information on the drastic increase of the the installed PV capacity
between 2008 and 2010 can be found in Section 5.
The data for solar radiation is based on the global radiation data supplied by SODA 62, which
were calculated from METEOSAT satellite pictures using the Helioclim-3 procedure. Data
with a spatial resolution of 14 km x 14 km were used for the simulation. To take into account
power losses for PV modules due to heating, the temperature values of the German Weather
Service from the LM2 model are used (see Section 7.1.1).
For the alignment of PV modules, i.e. their inclination and orientation, the PV installations are
divided into classes. For each class, a two-dimensional distribution, i.e. the number of installations per inclination and orientation classes, is used (see Figure 7-2 and Figure 7-3). The
alignment distributions are the result of a statistical analysis of the SFV database and the
Sunny-Portal master data, which comprise approximately 12000 and 14000 PV installations
respectively.
Figure 7-2:

Frequency distribution of module inclination for three power
classes
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60 BNetzA (2010)
61 Energymap (2010)
62 SoDa (2009)
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Figure 7-3:

Frequency distribution of module orientation for three power
classes
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To calculate the radiation on the level of PV modules, the diffuse part of solar radiation is determined first using the Skartveit-Olseth model63. In a second step, the radiation on the level
of the PV module is calculated using the Klucher model64.
Figure 7-4:

Procedure for generating PV time series

Source: IWES

15 min time series of diffuse and direct radiation are determined for every location. Thus, the
radiation on the level of the PV module is simulated for all alignment combinations
(“IRRAD” calculation step). For each combination, the power feed-in from the PV modules
taking into account the temperature, the PV module type and the installed capacity (in the
“PVGEN” calculation step”) and of the inverter (in the “PVINV” calculation step”) is simu-

63 Skartveit-Olseth (1998)
64 Klucher (1979)
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lated. The incorporation of all combinations is then weighted by frequency and added together.
PV module types are based on Standard Polycrystalline Modules. Their electrical power is
simulated using the HGB model65 as a function of temperature and the radiation on the level
of the PV module. Standard inverters are used as a basis for inverters and simulated using the
Schmidt-Sauer model66.
The contamination and wake effects affecting PV modules, cable losses and other losses are
taken into account through a reduction.
The PV feed-in is simulated on the basis of assumptions regarding the regional distribution of
installed capacity for various power classes for 3027 locations in Germany. This is based on
the grid with a spatial resolution of 14 x 14 km². The total feed-in for each federal state is aggregated based on this simulation.

65 Beyer et al (2004)
66 Schmidt, Sauer (1996)

114

List of Literature Part I

8

List of Literature Part I

Argyriadis et al. (2004): Forschungsplattform FINO 1 – einige Messergebnisse 2004 (FINO
1 research platform – some measurement results 2004).
http://www.bine.info/pdf/infoplus/Jahresbilanz.pdf
BERR (2007): Capital Grant Scheme for the North Hoyle Offshore Wind Farm Annual Report: July 2005 –June 2006. In: Department for Business, Enterprise and Regulatory Reform
(BERR). North Hoyle 2nd DTI Operation Report, 03/10/2007. www.berr.gov.uk/
Beyer (2004), J. Schumacher (1998): Estimation of model parameters for I-V curves of PV
modules from operational data. 2nd World Conference on Photovoltaic Solar Energy Conversion. Vienna, Austria.
BGBl (2006): Gesetz zur Beschleunigung von Planungsverfahren für Infrastrukturvorhaben
(Infrastructure Projects Planning Acceleration Act). Published in the Federal Law Gazette,
Volume 2006 Part I No. 59, 16/12/2006.
BMU master study (2007): Ausbaustrategie Erneuerbare Energien - Aktualisierung bis zu
den Jahren 2020 und 2030 mit Ausblick bis 2050 (Renewable Energies Expansion Strategy –
update up to 2020 and 2030 with outlook to 2050). Study by Dr. J. Nitsch commissioned by
the German Federal Ministry for the Environment, Nature Conservation and Nuclear Safety.
Stuttgart, 02/2007.
BMVBS (2008): Draft ordinance for regional planning in the German Exclusive Economic
Zone dated 13/06/2008. Editor: Federal Ministry of Transport, Building and Urban Affairs
(BMVBS), published by the Federal Maritime and Hydrographic Agency (BSH). www.bsh.de
BNetzA (2010): PV-Leistung pro Bundesland (PV capacity per federal state)
http://www.bundesnetzagentur.de/cln_1932/DE/Sachgebiete/ElektrizitaetGas/ErneuerbareEne
rgienGesetz/VerguetungssaetzePhotovoltaik_Basepage.html
Bofinger (2007): Rolle der Solarstromerzeugung in zukünftigen Energieversorgungsstrukturen - Welche Wertigkeit hat Solarstrom? Wertigkeit von PV-Strom. (Role of solar power generation in future energy supply structures – quality rating of solar power? Quality rating of PV
power). ISET, Kassel, 2007
Christiansen, M.B., Hasager, C.B. (2005): Wake effects of large Offshore wind farms identified from satellite SAR. Accepted 22/07/2005. Elsevier. Risø National Laboratory, Roskilde,
Denmark. Remote Sensing of Environment 98, 2005, pp. 251-268.
dena (2005): Energiewirtschaftliche Planung für die Netzintegration von Windenergie in
Deutschland an Land und Offshore bis zum Jahr 2020.(Energy Management Planning for the
Integration of Wind Energy into the Grid in Germany Onshore and Offshore up to the year
2020). Study by the DEWI/E.ON Netz/EWI/RWE Transport Grid Electricity/VE Transmission consortium commissioned by dena (German Energy Agency), Berlin. 02/2005
115

List of Literature Part I

dena (2008): In: Deutsche Energie-Agentur (dena), offshore wind power website. Keyword:
“Table with wind farms”. Accessed 12/02/2008. www.Offshore-wind.de
DEWI (2006): Abschätzung des zukünftigen Einspeisepotenzials aus dezentralen Erzeugungsanlagen in Niedersachsen (Estimate of future feed-in potential from decentralised generating plants in Lower Saxony). Study by DEWI GmbH commissioned by E.ON Netz GmbH.
Wilhelmshaven, 02/2006.
DEWI/BEI (2007): Kapazitätsbedarfsanalyse für den Anschluss von Offshore-Windparks im
Verantwortungsbereich der E.ON Netz GmbH (Capacity requirement analysis for the connection of offshore wind farms in the E.ON Netz GmbH area of responsibility). Study by DEWI
GmbH and Bremer Energie Institut commissioned by E.ON Netz GmbH. Wilhelmshaven/Bremen, 07-10/2007.
DEWI (2008): Windenergienutzung in Deutschland – Stand: 31.12.2007. (Wind energy
utilisation in Germany – as of 31.12.2007). Article by Carsten Ender. In: DEWI Magazine
No. 32. Editor: DEWI GmbH, Wilhelmshaven, 02/2008
DIBt (2004): Richtlinie für Windenergieanlagen. Einwirkungen und Standsicherheitsnachweise für Turm und Gründung (Wind energy plant directive. Effects and stability surveys for
tower and foundation). In: Deutsches Institut für Bautechnik (German Civil Engineering Institute, DIBt).
Döpfer (1996): Konzeption und Realisierung eines Überwachungssystems für WMEPFernmessnetz-Komponenten (Conception and realisation of a monitoring system for WMEP
remote monitoring network components).
DOTI (2007): In: Deutsche Offshore-Testfeld- und Infrastruktur GmbH & Co. KG (DOTI).
Alpha ventus factsheet. Press release, 06/09/2007. www.alpha-ventus.de
DWD (2005): Handbuch zum Lokal Modell Europa (Handbook on the Local Model Europe).
In: German Weather Service (DWD). Jan-Peter Schulz, Ulrich Schättler. Short description of
the LME local model and its database on the DWD data server. Offenbach, 01/03/2005.
DWMon (2007): TP2 Kurzzeitprognose. Erkennung von Sturmabschaltungen. (TP2 shortterm forecast. Storm control detection). In: Deutscher Windmonitor (DWMon).
RESA amendment 2009 (2008): Gesetz zur Neuregelung des Rechts der Erneuerbaren Energien im Strombereich und zur Änderung damit zusammenhängender Vorschriften
(Amendment to the Legislation on Renewable Energy Sources in the Electricity Sector and
Changing Relevant Stipulations). Bundesgesetzblatt (Federal Law Gazette), Volume 2008
Part I No. 49, 31/10/2008, pp. 2074-2100.
EnBW (2009): EnBW vergibt Auftrag für ersten kommerziellen Offshore-Windpark
Deutschlands an der Ostsee (Baltic 1) an Siemens (EnBW awards the contract for Germany's
116

List of Literature Part I

first commercial offshore wind farm in the Baltic Sea (Baltic 1) to Siemens). Press release,
20/04/2009.
Enercon (2003): Auch bei Sturm wird geerntet (Storm-time harvest). Windblatt - the Enercon
magazine. Issue 2/2003, pp. 4-5. www.enercon.de
Enercon (2008): E 82 product description. www.enercon.de
Energymap (2010): http://www.energymap.info/
Gasch, J. Twele (2005): Windkraftanlagen, Grundlagen, Entwurf, Planung und Betrieb
(Wind power plants, basic principles, draft, planning and operation). Teubner Verlag, Wiesbaden, 12/2005. 4, fully revised and extended edition, ISBN: 3-519-36334-8.
GL (2003): Richtlinie für die Zertifizierung von Windenergieanlagen (Directive for the certification of wind energy plants). In: Germanischer Lloyd WindEnergie GmbH (GL).
GL (2008): In: Germanischer Lloyd WindEnergie GmbH (GL). FINO 1 research platform
website. Accessed 20/02/2008. www.fino-Offshore.de
Hahn, B. (1997): Einfluss der Witterung auf Windenergieanlagen (Influence of atmospheric
conditions on wind energy plants). Leipzig, 22nd FGW Workshop, 06./05/1997.
Hahn, B. et al. (2006): Reliability of Wind Turbines - Experiences of 15 years with 1,500
WTs. 09/02/2006.
Holmstrøm, O. (2007): Survey of reliability of large Offshore wind farms Part 1: Reliability
of state-of-the-art wind farms. Report on Work Package 9: Electrical grid, Deliverable D9.1.
from 08/2007. www.upwind.eu
ISET (2005): Windenergie Report Deutschland 2005 (Wind energy report Germany 2005).
In: Institut für Solare Energieversorgungstechnik (research institute engaged in the design of
solar electrical supply technology) Kassel, 2005.
Jensen et al. (1986): A Simple Model for Cluster Efficiency. European Wind Energy Association. Conference and Exhibition, Rome, 1986.
Klucher (1979): Evaluation of models to predict insulation on tilted surfaces. Journal of Solar
Energy 23(2), pp. 111-114.
Kindler, D., Oldroyed, A. (2007): Comparison of the ZephIR Wind-LiDAR to Classical Cup
Measurements On- and Offshore. European Windenergy Conference, Milan 2007.
Manwell et al. (2002): Wind Energy Explained – Theory, Design Application. Chichester
(UK), 2002. New and corrected edition, November 2006. ISBN 13: 978-0-471-49972-5.
117

List of Literature Part I

Mechali et al. (2006): Wake effects at Horns Rev and their influence on energy production.
European Wind Energy Conference and Exhibition, Athens 2006.
Multibrid (2008): Technical data for M5000. Accessed 03/02/2008.
www.multibrid.com/m5000/daten.html
MU MVP (2002): Landesatlas Erneuerbare Energien Mecklenburg-Vorpommern (State atlas
of renewable energies Mecklenburg-Western Pomerania). Editor: Department of the Environment Mecklenburg-Western Pomerania.
MVP (2004): Hinweise für die Planung und Genehmigung von Windkraftanlagen in Mecklenburg-Vorpommern (Notes for the planning and approval of wind energy plants in Mecklenburg-Western Pomerania). Joint announcement of the state government of MecklenburgWestern Pomerania dated 20/10/2004.
Neckelmann, Petersen (2000): Evaluation of the stand alone wind and wave measurement
system for the Horn’s Reef 150MW Offshore wind farm in Denmark. Ente per le Nuove Tecnologie, l’Energia el’Ambiente ENEA (Rome), (Editor). OWEMES 2000 Proceedings.
ENEA, 2000, pp. 17-27.
Neue Energie (2007): Ungleiche Nachbarn (Disparate neighbours). Article by Marcus
Franken. In: Neue Energie 11/2007, pp. 20-23.
Nørgaard, Holttinnen (2004): A Multi Turbine Power Curve Approach. Nordic Wind Power
Conference, 1-2/03/2004.
NRW Order (2005): Grundsätze für Planung und Genehmigung von Windkraftanlagen (Basic principles for the planning and approval of wind energy plants). Joint circular decree of
the state government of North Rhine-Westphalia dated 21/10/2005.
OFW et al. (2008): Stellungnahme zum Entwurf einer Verordnung über die Raumordnung in
der deutschen ausschließlichen Wirtschaftszone (Statement on the draft ordinance regarding
regional planning in the German Exclusive Economic Zone). Editor: Offshore Forum Windenergie, Stiftung Offshore-Windenergie, Wirtschaftsverband Windkraftwerke, WindenergieAgentur Bremerhaven/Bremen, Bundesverband WindEnergie, windcomm SchleswigHolstein, Offshore Energies Competence Network Rostock. Hamburg, 12/09/2008
OVG Münster (2007): Festlegung von Eignungsbereichen für Windkraft im Gebietsentwicklungsplan Münsterland wirksam (Definition of permitted wind power areas in the area development plan Münsterland). Press release of the Higher Administrative Court in Münster on
the decision (reference: 8 A 4566/04), 06/09/2007.
PG Rheinhessen-Nahe (2007): Regionaler Raumordnungsbericht 2007 (Regional planning
report 2007).
118

List of Literature Part I

REpower (2007): Jens Gößwein, Product Manager Offshore Business, REpower. Email contact 09/07/2007.
REpower (2008): 5M image brochure. www.repower.de
Riedel, Neumann (2007): RANS-Modelling of Wind Flow through Large Offshore Wind
Farms. DEWI GmbH. EWEC 2007, Milan 7-10/05/2007.
RPF-Rundschreiben (2006): Hinweise zur Beurteilung der Zulässigkeit von Windenergieanlagen (Notes on the assessment of admissibility of wind energy plants). Joint newsletter of the
state government of Rhineland-Palatinate, 30/01/2006.
Salzmann et al (2007): Ampelmann Demonstrator Developing a Motion compensating platform for Offshore access. European Wind Energy Conference, Milan , 9/05/2007.
Schmidt, Sauer (1996): Praxisgerechte Modellierung und Abschätzung von WechselrichterWirkungsgraden (Practice-orientated simulation and assessment of inverter efficiencies).
Sonnenenergie No. 11
Skartveit et al. (1998): An hourly diffuse fraction model with correction for variability and
surface albedo. Solar Energy 63, pp. 173–183.
SoDa (2009): www.soda-is.com
Sørensen et al. (2008): WP1B4 – Up-scaling, UpWind project. www.upwind.eu
Tambke et al. (2006): Offshore Meteorology for Multi-Mega-Watt Turbines. Conference
contribution, European Wind Energy Conference EWEC 2006. Athens, 27/02/2006 02/03/2006.
Türk, Emeis (2007): Wind- und Turbulenzmessungen an der Offshore-Messplatform FINO1
(Wind and turbulence measurements on the FINO1 offshore measuring platform). Conference
contribution meteorologist conference. Dach, 09/2007
University of Oldenburg (2004): User - Manual FLaP 2.1 Wind Farm Layout Program.
28.05.2004.
Vestas (2008): Technical data V 90. Accessed 03/01/2008.
www.vestas.de/html_ls/v90_3,0.htm
Vestergaard (2005): Offshore Technology/Operation & Maintenance – accessibility.
Copenhagen Offshore Wind, 26-28/10/2005.
WindEnergy study (2008): Entwicklung der Windenergie in Deutschland und der Welt bis
zum Jahr 2012, 2017 und 2030 (Development of wind energy in Germany and worldwide up
119

List of Literature Part I

to the year 2012, 2017 and 2030). Study by DEWI GmbH commissioned by Husum WindEnergy. Wilhelmshaven, 05/2008.
Wind monitor (2008): Online information system on renewable energies.
http://www.windmonitor.de
Wind test KWK (2005): Prognose der DEA-Einspeiseleistung in Schleswig-Holstein für das
Jahr 2010/2011. (Prognosis of DEA feed-in capacity in Schleswig-Holstein for the year
2010/2011). Study by Windtest Kaiser-Wilhelm-Koog GmbH commissioned by E.ON Netz
GmbH (unpublished). Kaiser-Wilhelm-Koog, 09/2005.

120

PART II

PART II

EFFECTS ON THE GRID

121

EFFECTS ON THE GRID

It is the aim of grid-related examinations to adapt the transmission network for the future development of renewable energies, particularly wind energy, from 2015 to 2025 and to find
cost-effective solutions for the entire electricity network. These solutions should help to
transport the electricity generated from renewable energies, wind energy in particular, to the
consumption centres without any deficit with regard to supply reliability and with economically justifiable losses. The following basic principles are assumed, also to comply with
European and national regulations (list not necessarily complete):
Basic priority of renewable energies, balance between generation and consumption
without compromising consumption,
Provision of an appropriate level of balancing and reserve power,
Generation is only subject to market-oriented competition (locations, capacities, use),
whereby minimum technical specifications must be fulfilled in terms of connection
and operation,
The management of the system must meet the requirements for system parameters and
the (n-1) criterion,
The maximum power rating of grid elements must be strictly maintained for the grid
design.
The grids consequently also have to be able to fulfil future requirements expected to arise in
the course of national and European trade and with regard to the conventional generation system, which is to be replaced. An overall concept for the transmission of offshore power from
the North and Baltic Seas to the inland load centres is to be developed taking into account interactions with the interconnected power system.
The dimensioning of the required transmission technologies needs to be investigated in detail
and optimised. First, ways of improving the utilisation and upgrade and/or reinforcement of
existing grids must be investigated in detail. Based on this, necessary expansion measures
with regard to the transmission network (e.g. remote transmission connections) must be examined.
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9.1

Dependency of equipment load capacity on environmental conditions
Appraisal of the state-of-the-art in an international environment

The transmission capacity of overhead lines is limited by the maximum permissible conductor
temperature and the minimum ground clearance for conductors stipulated in the applicable
standards, which for safety reasons must be maintained at all times during operation (legal
duty to maintain safety). This ground clearance changes with conductor temperature, as the
conductor lengthens. Factors that influence the ground clearance are the current flowing
through the conductor on one hand and weather conditions around the conductor on the other
hand. In this respect, the main factors that influence the conductor temperature and thus sag
and/or ground clearance are ambient temperature, wind speed and upstream flow angle.
The installation regulations (DIN EN 50341) for the layout of overhead lines, which stipulate
the maximum permissible current for overhead conductors , are based on conservative
weather conditions. These conservative weather conditions are regulated by national stipulations. For many central European countries, an ambient temperature of 35°C and a wind speed
of 0.6 m/s perpendicular to the conductor axis at full solar radiation are given.
As these conservative weather conditions do not prevail for a large part of the year, there are
sometimes transmission reserves resulting from the fact that electricity generation can be
higher in times of more favourable weather conditions, whilst the minimum ground clearance
of the overhead conductor is not compromised or the maximum permissible conductor temperature reached. Current weather conditions must therefore be listed in order to determine
the maximum currently possible ampacity and/or transmission capacity. We must accept in
this context, however, that lower transmission capacities can occur in case of less favourable
weather conditions (little wind, high temperatures, small upstream flow angles) than estimated
based on the conservative approach in accordance with national standards for the erection of
overhead lines.
The ampacity of a conductor depending on the basic weather conditions can be calculated using various published models (e.g. CIGRE, IEEE).
The utilisation of the weather-dependent ampacity of conductors for grid operation requires
various measures, which make it possible for the entire circuit to conduct the maximum possible current. Furthermore, this maximum possible current in a circuit must be available to the
power system management at all times.
A system, which facilitates this, is called Overhead Line Monitoring System. The following
important factors must be given:
The system determines the weather-dependent dynamic ampacity of a circuit online
from measured data and transmits it to the grid control system.
The entire circuit and all of its primary and secondary components are adapted to the
increased ampacity.
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A simplified form of overhead line monitoring is the seasonal consideration of overhead line
capacity depending on ambient temperatures (e.g. winter/summer congestion) that some
transmission system operators already practice.

9.1.1

Use of conductors in accordance with DIN EN 50182

DIN EN 50182 “Conductors for overhead lines”, issue December 2001, is the most up-to-date
standard for new conductors on the extra high voltage lines examined for the dena II study.
This standard describes the electrical and mechanical capabilities of blank electric conductors
made of concentrically stranded round wires.
Annex F to DIN EN 50182 contains a table with the overhead conductors that are commonly
used in different European countries. Some European countries (Austria, Germany) have
added the relevant continuous ampacities in these tables. The specified values were calculated
according to Webs (1962) for an ambient temperature of 35°C, solar radiation of 900 W/m²,
wind speed of 0.6 m/s, perpendicular upstream flow angle and a maximum conductor temperature of 80°C. Furthermore, it is pointed out that continuous ampacities must be reduced
by approximately 30% on average for stagnant air. The assumed environmental conditions
(35°C, 0.6 m/s wind) are considered to be sufficiently conservative for Germany (like in the
previous standard DIN 48202-84) to cover all possible meteorological conditions.
In this context, the standard EN 50341-3-4 “Overhead lines above AC 45 kV, part 3: national
normative stipulations (NNA)” must also be considered. This standard applies in the context
of significant changes or newly installed overhead lines or overhead line components. Section
9 DE 3 of this standard stipulates that a maximum conductor temperature of 80°C (70°C for
copper conductors) is permissible for the conductors most widely used in Germany. This was
already stipulated for steel reinforced aluminium conductors in DIN 48202-84. Different calculation methods are used worldwide to calculate the permissible continuous ampacity for
conductors depending on environmental conditions, which are summarised in CIGRE SC22
WG 22-12 (1992), for example. The results of these different calculation methods only vary
slightly.
At a constant maximum conductor temperature, a change in meteorological conditions compared to the conservative conditions stipulated in DIN EN 50182 results in a different continuous ampacity. The dependency of permissible ampacity on outside temperature and the
speed of perpendicular wind flow is illustrated as an example in Figure 9-1 and Figure 9-2:
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Figure 9-1:

Continuous ampacity as a function of ambient temperature (cable
type 264-AL1/34-ST1A, 80°C conductor temperature, 0.6 m/s perpendicular wind flow), I35°C=680 A
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Source: Calculations EnBW Transportnetze AG

Figure 9-2:

Ampacity as a function of perpendicular wind flow speed (cable
type 264-AL1/34-ST1A, 80°C conductor temperature, 35°C ambient temperature), I0,6m/s=680A
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It must be noted at this stage that versions of the previous standard DIN 48 203 sheet 11,
“Wires and cables for lines; steel reinforced aluminium cables; technical delivery conditions”
which were issued prior to 1987 specified a thaw point for conductor lubrication of < 80°C,
which must be observed if applicable.
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9.1.2

Use of conductors with permissible conductor temperatures
above 80°C (TAL cables etc.)

This section summarises a range of conductors, which can be operated at conductor temperatures above 80°C. Detailed examinations regarding the respective conductor types can be
found in the literature, a selection of which can be found in the list of references for CIGRE
WG B2.12 (2004).
So-called “high-temperature conductors” can be roughly divided into two categories:
conventional high-temperature conductors (TAL), which can be used up to an operating temperature of 150°C and
high-temperature conductors, which are available for operating temperatures of more
than 200°C.
Conventional high-temperature conductors are state-of-the-art and are used by German TSOs
according to requirements. Only in individual cases, however, their application is technically/economically reasonable. In many cases, the required transport capacities can be
achieved in more cost-effective ways.
High-temperature conductors with operating temperatures above 200°C are not currently
state-of-the-art. The high ampacity (+100% is possible with some types) with comparatively
few sags is technically beneficial. The material costs for cables are quantified by manufacturers at a multiple of the costs for standard conductors, so that a cost-effective application
seems only reasonable in a small minority of cases.
Furthermore, various technical questions must also be considered with regard to continuous
operation at such temperatures (i.e. ageing behaviour, behaviour in rain, noise development),
which have so far not been sufficiently answered from a TSO point of view.
Thermal steel reinforced aluminium conductors: TACSR
Such conductors (colloquially known as “TAL cables”) are similar in design to the corresponding steel reinforced aluminium as defined in DIN EN 50182. For the aluminium layers,
a zirconium alloy on the basis of aluminium with a very high purity grade of approximately
99.7% is produced, which results in a structure with a high recrystallisation temperature. As a
consequence, these cables can be operated at higher temperatures unlike standard cables, for
which merely the continuous operation at 100°C would be sufficient to significantly reduce
the strength of the aluminium. The conductor core is usually not made up from zinc-plated
steel wires, but of aluminised steel wires (stalum), which do not require lubrication. When operated at 150°C, TACSR conductors can achieve up to 150% of the operating current of a
standard steel reinforced aluminium conductor operated at 80°C. TACSR conductors are
tried, tested and used in Germany. The outer conductor layers can still be blackened in order
to increase the radiation heat dissipation, which results in a further increase of the permissible
operating current by approximately 5%.
Advantages of TACSR: No larger loads are discharged on the conductor support joints
(masts, portals, foundations) than with standard steel reinforced aluminium conductors, as the
weight and the diameter of the cable are almost identical. The installation of cables is also
identical.
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Disadvantages of TACSR: One disadvantage of all conductors with high operating temperatures is the increased ohmic conductor resistance in proportion to the temperature. As a consequence, losses increase in line with the operating temperature. Another disadvantage compared to standard steel reinforced aluminium conductors is the higher cost of material. The
biggest disadvantage, however, is the increased sag at high temperatures, which can be up to
20% more than that of standard steel reinforced aluminium conductors. In order to maintain
the required safety distances, support points might have to be modified (e.g. mast extension).
Steel reinforced aluminium conductors with invar-alloyed steels: TACIR
The cable design for these conductors resembles that of TACSR conductors. The steel wires
are, however, covered with an invar (iron-nickel) alloy. These steel wires have a lower temperature expansion coefficient than standard steel wires.
Advantages compared to TACSR: Slightly smaller sags, otherwise see TACSR
Disadvantages compared with TACSR: The material price is significantly higher. Furthermore, these cables are difficult to handle during installation on the construction site due to the
very different temperature behaviour of the steel and aluminium layers. In addition, cables
must be pre-stretched on construction sites, which constitutes more work on the one hand and
might necessitate the reinforcement of support points.
Steel reinforced aluminium conductors with a gap between aluminium layers and steel
core: GTACSR
These conductors (colloquially known as “GAP cables“) feature a gap between the innermost
aluminium layer and the outermost steel layer (“GAP”). This gap is filled with a thermally
stable lubricant. During installation, only the steel core is tensioned so that the aluminium
layers can glide almost loosely on the steel core. The conductor consequently behaves like a
steel cable above the standard cable temperature with a low temperature expansion coefficient
and a purely vertical aluminium load. The material of the aluminium and steel layers is
equivalent to that in TACSR conductors. The innermost aluminium layer features profile
wires, which form a tube, in which the steel wires rest loosely, see Figure 9-3. When operated
at 150°C, GTACSR conductors can achieve up to 150% of the operating current of a standard
reinforced steel aluminium conductor operated at 80°C. GTACSR conductors are tried, tested
and used worldwide. In Germany, the first lines are currently being equipped with GTACSR.
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Figure 9-3:

Design of a GTACSR conductor
Aluminum-clad steel wires

Gap

Innermost aluminium-layer with profile-wires

Outer Aluminium-layers
Source: Trefinasa: GTACSR-491 datasheet

Advantages of GTACSR: No larger loads are discharged on the conductor support joints
(masts, portals, foundations) than with standard steel reinforced aluminium conductors, as the
weight and the diameter of the cable are almost identical. The temperature expansion behaviour also ensures that there is no increase in sag compared to standard conductors.
Disadvantages of GTACSR: One disadvantage of all conductors with high operating temperatures is the increased ohmic conductor resistance in proportion to the temperature. As a consequence, losses increase in line with the operating temperature. Another disadvantage compared to standard steel reinforced aluminium conductors is the higher cost of material. The
biggest disadvantage, however, is the elaborate installation of these conductors (tensioning of
only the steel core, lots of anchor points), which is significantly more costly than the installation of standard conductors.
Steel reinforced aluminium conductors with soft-annealed aluminium wires: ACSS
The behaviour of these conductors is based on a similar principle as GTACSR conductors:
Due to their low strength, soft-annealed aluminium wires absorb very little drag force during
installation, so that the conductor behaves more like a pure steel cable.
- Advantages compared to GTACSR: Cable design and installation as for standard steel
reinforced aluminium conductors.
- Disadvantages compared with TACSR: Because of the very low cable strength, the
cable tension has to be reduced. This leads to increased cable sag and the need to modify support points (e.g. mast extension) in some cases.
Aluminium conductors with composite instead of steel cores: ACCC
For this new type of conductor, the supporting steel layer is replaced with composite. This
support layer is much stronger than the steel core and is also significantly lighter. The aluminium layers have a design similar to TACSR.
- Advantages of ACCC: Thanks to the light weight of the supporting core, such conductors sag much less than standard steel reinforced aluminium cables.
- Disadvantages of ACCC: There is currently only one supplier worldwide (monopoly).
Furthermore, the long-term suitability of the core has not yet been tested under real
128

Dependency of equipment load capacity on environmental conditions

conditions over several decades. In addition, these conductors swing more excessively
under wind load due to their light weight so that the lateral safety distances of extra
high voltage lines might have to be adjusted.
Aluminium conductors with aluminium-composite cores: ACCR
For this type of conductor, the supporting layer is made of aluminium-ceramic-composite material, which has a significantly lower elasticity than steel and consequently sags less at equal
conductor temperatures and/or shows sag comparable to standard conductors at high temperatures.
- Advantages of ACCR: High ampacity, small sags, extensive material and ageing tests
have already been conducted, conductor and fittings system available for single conductors, 350 km of conductor material in operation worldwide.
- Disadvantages of ACCR: Only one supplier of core material and consequently monopoly and high costs (many times that of standard aluminium/steel conductors).

9.1.3

Evaluation of high-temperature conductors

Various types of conductors are available, which can be operated at temperatures of up to
150°C and which consequently offer an alternative to standard conductors in accordance with
DIN EN 50182. With these conductors, operating current can be increased by up to approximately 150% in relation to a comparable standard conductor. However, it is imperative that
the following boundary conditions with regard to the evaluation of efficiency are noted:
Efficiency taking into account all aspects
Loss evaluation (ohmic conductor resistance increases in proportion to the conductor
temperature, greater current density)
Effects on grid stability
Annual load factor of high operating currents
Spares inventory, marketability, avoiding monopoly suppliers
Statics of support points
Ground clearances and restricted areas for overhead lines
Compliance with immission regulations
Sufficient testing in order to comply with the requirement of the Energy Industry Act
(EnWG) for the exclusive use of technology that corresponds with “generally accepted codes of practice”.
High-temperature conductors with operating temperatures >200°C are not state-of-the-art and
do not comply with the generally accepted codes of practice, as various questions regarding
strength and the long-term electrical and mechanical behaviour have not yet been answered
from the point of view of the operators.
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9.1.4

Methods for determining overhead conductor temperature
(overhead conductor monitoring)

The realisation of the conductor temperature-dependent transmission capacity of overhead
lines requires a suitable measuring method on the one hand and the representation of the ampacity, which is no longer constant, but weather-dependent, in the control system on the other.
Two basic processes are available for measuring the overhead conductor temperature:
Direct measurement on the equipment
Indirect calculation of cable temperature using weather data (ambient temperature,
wind speed, wind direction)

9.1.4.1

Methods for direct measurement on the equipment

The following solutions are used to measure the temperature directly on the equipment:
Load cells for measuring tensile strength
This procedure exploits the physical relationship between the tensile stress of the cable between two anchor points and the temperature averaged over the tension length. The drag at the
suspension points is the result of the sag of the overhead conductor, which is influenced by
the thermal expansion of the overhead conductor.67
The measuring device consists of one or several load cells, which are installed between the
tension insulators and the crossarms of the overhead line mast (see Figure 9-4).
Figure 9-4:

Load cell installed between the tension insulator and the crossarm

Source: Bertsch / Biedenbach (2007)

67 Seppa (1995)
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The measurement signal is fed into a central unit on the mast, where the average cable temperature for the tension section is calculated based on the measured drag force. The relationship for measuring purposes for this section must previously be determined and stored in a
calibration curve. The measured values stored in the central unit can be uploaded and processed via a modem connection.
Due to the fact that a circuit consists of several tension sections, an appropriate number of
measuring devices must be installed or the most critical section must be previously chosen
and equipped with a measuring device.
Fibre optic cable integrated in the overhead conductor
A fibre optic cable embedded in a overhead conductor is subject to temperature-dependent local changes of the light cables in the fibre. The so-called Raman effect, in particular, can be
exploited to measure temperature. The optical measuring signal must be converted from high
voltage to ground potential via a fibre optic cable transmission route and then into a measured
temperature value using an evaluation unit (Figure 9-5). The temperature values in the glass
fibre of the fibre optic cable conductor can be determined with full spatial resolution using a
Raman reflectometer (Figure 9-6).
As long as the entire circuit is equipped with a fibre optic cable, the temperature of the circuit
can be captured with full spatial resolution.
Figure 9-5:

Decoupling unit for fibre optic cables

Source: nkt cables
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Figure 9-6:

Measuring device for recording temperatures in a fibre optic cable
conductor integrated in a overhead conductor with full spatial resolution

Source: nkt cables

Surface wave sensor on the overhead conductor
Surface wave sensors are passive sensors, which exploit the physical fact that the running
time of surface waves is changed by temperature influences. These sensors can be stimulated
with high frequency signals without direct coupling or power supply. The complete measuring system consists of three units: evaluation unit with transmitter and receiver, aerial and surface wave sensor (Figure 9-7):
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Figure 9-7:

Surface wave temperature measuring system
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PC personal computer
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Baisc principle
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Source: Teminova/Hinrichsen (2006)

The transmitter transmits electromagnetic waves in the UHF range via the antenna, which are
received and reflected by the sensor on the overhead conductor. The temperature information
is contained in the bit pattern of the reflected waves. This information is evaluated using a
digital signal processor. The surface wave sensor is ± 0.5 °C accurate. In addition, the thermal
impact of the sensor carrier and housing must be considered and taken into account by correcting the raw data, if necessary.
As the sensor can only capture the overhead conductor temperature in close proximity, several
sensors are required to monitor a larger cable section.

Active temperature sensor on the overhead conductor
In principle, active temperature sensors fitted to the overhead conductor can also be used.
These sensors must have a power supply and be equipped with a transmission unit.
Systems are available, which work totally autonomously and feed off the energy from the surrounding electromagnetic field (Figure 9-8). The corresponding receiver unit can be fitted to
the mast.68

68 cf. Power-Donut2
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Figure 9-8:

Active temperature sensor

Source: Power-Donut2TM

If the sensor has a large spatial expansion, the recording of conductor temperature for measuring purposes can be considerably falsified. Such measuring errors consequently have to be
compensated using correction algorithms. 69
Determining the temperature from PMU measurements
Synchronous phasor measurements of voltage and current at the beginning and end of a line –
Phasor Measurement Unit (PMU) measurements – can also be used to deduce the overhead
conductor temperature from these measured variables.70 The line parameters can be calculated using the power and voltage vectors. Under the precondition that the line reactance as
well as the parallel capacity and electric conductance are temperature-dependent and only the
line resistance depends on the overhead conductor temperature, the current overhead conductor temperature can be determined from the change in resistance and a comparison with the
resistance at, for example, 20°C. With this procedure, the average overhead conductor temperature for the entire circuit can be determined; the accuracy of this temperature does, however, greatly depend on the accuracy of the PMU measurement.
Determining the overhead conductor temperature from sag measurements
In principle, the sag measurement can also be used to determine the cable temperature. If the
sag is known, it can be used to calculate the tensile strength and then the overhead conductor
temperature using the known relationship between tensile strength and overhead conductor
temperature.71 Camera systems and laser-supported distance measuring units can be used to
measure sag. In addition, systems have been used, which determine sag via the capacitive
coupling between the live overhead conductor and another high-resistance overhead conductor. If the sag of the overhead line changes, so does the electric field in the vicinity of the
high-resistance conductor and the corresponding displacement current.

69 Chen/Black/Fancher (2003)
70 cf. Line Thermal Monitoring (www.abb.com/poweroutage)
71 Kiessling / Nefzger / Kaintzyk (2001)
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9.1.4.2

Determining the overhead conductor temperature using weather data

The overhead conductor temperature during operation is the result of the thermal balance of
the overhead conductor. Thermal power losses plus magnetic losses, corona losses and effects
of radiation, which can usually be neglected or assumed as constant, are in an equilibrium
with the losses through thermal radiation and thermal convection as well as cooling through
precipitation. The latter can also be neglected.
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Conductor temperature
Conductor diameter
Ambient temperature
Thermal conductivity of air

Based on the above mentioned relations, all specified losses are only dependent on ambient
temperature Tu, wind speed V and wind direction and characteristics. If these values are
known, the overhead conductor temperature and/or the permissible conductor current can be
calculated.
Weather data can be captured by weather stations set up in the vicinity of the overhead conductor, for example. Alternatively, the weather data from various meteorological service providers can be used.
An example for a weather station set up close to overhead conductors is shown in Figure 9-9.
Apart from air temperature and humidity, this station also measures the wind speed and wind
direction. This installation also measures radiation. The measured data must be stored on site
in a suitable resolution, e.g. every 10 minutes, and transmitted to a control centre via modem.
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Figure 9-9:

Conductor-level meteorological measuring station

3D wind measurement

net radiation
measurement

temperature and humidity measurement

Source: Line Thermal Monitoring (ABB)

Weather data is supplied by various meteorological institutes. Germany has a comprehensive
network of weather stations, which measure the following weather data (Figure 9-10):
Air temperature at various heights above ground
Humidity
Wind speed & wind direction
Amount of precipitation
Sunshine duration & intensity of radiation
For locations between two weather stations, the data is calculated by interpolation based on
empirical algorithms. The information is updated every quarter of an hour, short- and shortestterm forecasts as well as medium- to long-term forecasts are available.
Figure 9-10:

Exemplary data from the weather station network

temperature

wind speed and direction

Source: www.dwd.de/service
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If this data is to be used to determine the overhead conductor temperature and to derive the
line's transmission capacity, the following line-specific aspects must be considered:
Main alignment of line and upstream flow angle
Cable sections deviating from the main line alignment
Shadowing of lines through forests or upstream hills
Cables routed through forest clearings or valleys
As these aspects are not taken into account in the available weather data, but can have a significant impact on local temperature values, the relevant safety factors must be considered for
the calculation of the overhead conductor temperature from this data. At present, only a rough
estimate can be given for these safety factors. The clarification of their impact using suitable
models and/or measurements for typical line systems and development of relevant alleviation
factors is the subject of further investigations.

9.1.5

Summary and evaluation of overhead conductor monitoring
technologies

Various technologies and methods are available to determine the actual local conductor temperature, with varying degrees of accuracy. By using these technologies, possible potentials
for increasing the ampacity compared to the standard values as per EN 50341 can be harnessed for operational use. In terms of the use of possible potential for grid planning purposes, the recording of actual local conditions helps to verify the assumed boundary conditions. However, similar to the use of high-temperature conductors, it is imperative that the following points are noted:
Efficiency taking into account all aspects
Loss evaluation (ohmic conductor resistance increases in proportion to the conductor
temperature, greater current density)
Effects on grid stability
Annual load factor of high operating currents
Spares inventory, marketability, avoiding monopoly suppliers
Ground clearances and restricted areas for overhead lines
Compliance with immission regulations
Sufficient testing (e.g. test fields) in order to comply with the requirement of the Energy Industry Act (EnWG) for the exclusive use of technology that corresponds with
“generally accepted codes of practice”.
Sufficiently good predictability of weather conditions for operational use in order to
facilitate system security calculations (e.g. 1-day-ahead).
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9.1.6

State of national and international technology with regard to
the operational consideration of weather-dependent power
transmission capacities

Section 9.1.1 outlines how conductor ampacity can change as a result of environmental conditions. It is apparent that ampacity can be increased in principle in moderate weather conditions compared to the ampacity in midsummer weather conditions, as mentioned as an example in DIN EN 50341.
The use of current measurement data (weather, overhead conductor temperature, etc.) to determine the ampacity of a conductor is known as "overhead line monitoring".
Figure 9-11 illustrates the conductor temperature as a function of the current load for four different environmental conditions. The current load is normalised to the value for an ambient
temperature of 35°C, a wind speed of 0.6 m/s and full solar radiation. These boundary conditions result in a maximum permissible conductor temperature of 80°C (1). In moderate
weather conditions, for example an ambient temperature of 20°C and a wind speed of 2 m/s
(perpendicular to the conductor) and the same solar radiation (100%), a conductor temperature of approximately 45°C is calculated at the same current load (2). For these exemplary
weather conditions, the maximum permissible conductor temperature of 80°C is only reached
at a current load of 150% (3).

Leitertemperatur [°C]

conductor temperature [°C]

Figure 9-11:

Conductor temperature as a function of atmospheric conditions
and current load
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The above figure illustrates that the conductor temperature depends on the current load as
well as weather conditions. It is apparent that a certain conductor temperature can be achieved
at various combinations of current load and weather conditions. A conductor temperature of
60°C can, for example, be achieved at all possible combinations on the dotted line.
The aim of overhead line monitoring is to determine the maximum possible ampacity for all
current weather conditions taking into account the ground clearance to be observed and the
138

Dependency of equipment load capacity on environmental conditions

maximum permissible conductor temperatures (e.g. 80°C). In meshed electrical grids such as
can be found in Germany and in the ENTSO-E, the (n-1)-criterion is used as a boundary condition for grid operation. The maximum permissible ampacity must therefore only be reached
for the (n-1) case to be sure to avoid overloads. As illustrated in Figure 9-11, the measuring of
actual conductor temperature cannot help determine the maximum permissible ampacity, if
the relevant weather conditions are unknown. Just measuring conductor temperature is thus
not a suitable method for determining the ampacity in a grid, in which the (n-1) criterion must
be fulfilled during grid operation.
The operational use of weather data to determine the ampacity is divided into two levels nationally and internationally:
1. Operational use of seasonal ampacities, which take into account temperature differences in particular (e.g. summer and winter values)
2. Use of current weather data to determine ampacity
Level 1 is currently already used in many countries. Level 2 is only used internationally in individual cases.
A field trial on overhead line monitoring now completed by E.ON Netz in Schleswig-Holstein
shows that additional weather-dependent transport capacities are available, when the lines are
situated in the wind feed-in region. This locally restricted field trial by E.ON Netz showed a
weather-dependent increase of usable transport capacities by approximately 50%, particularly
in strong wind conditions.
A temperature-dependent increase of transmission capacities by up to 20% (by using the increased winter congestion value based on the assumption of a lower ambient temperature) is
already used commercially today in further individual grid regions of other transmission system operators.
It is currently being investigated, whether and to what extent this trial can be generalised and
whether and to what extent transferability to Germany’s high-voltage grid in all grid regions
in case of strong wind feed-in is possible and/or permissible.
If overhead line monitoring is to be implemented, the entire circuit must be designed for the
maximum expected ampacity. This applies to line, substation and protective components (see
Section 9.2.2).
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9.1.7

State of national and international technology with regard to
the consideration of weather-dependent power transmission
capacities in the field of grid planning

A random enquiry among European transmission system operators has shown that weatherdependent transport capacities are generally not taking into account for grid planning calculations.
Based on the experiences and findings from the pilot test in Schleswig-Holstein, E.ON Netz,
for example, already uses weather-dependent transport capacities in the field of grid planning
calculations for the northern control zone area. Other transmission system operators have so
far not gained any monitoring experience of their own.
It is currently being investigated whether and to what extent a transferability of experiences
from the above mentioned pilot test to Germany’s high-voltage grid in all grid regions is possible and/or permissible.

9.2

Impacts on the entire equipment chain of circuits (primary, secondary and auxiliary installations)

If overhead line monitoring is to be implemented, the entire circuit must be designed for the
maximum expected ampacity. This applies to line, substation and protective components.

9.2.1

Impacts on the operating resources chain of overhead lines

Examination of the current ground clearance profile
The ground clearance described in DIN EN 50341 must be maintained at all times. An overhead line is routed in a manner that ensures that the ground clearance is maintained, even if
the conductor temperature is equal to the temperature in accordance with the ground clearance
profile (e.g. 60°C, 80°C). An overhead line designed for monitoring purposes must be
checked with regard to its routing temperature. If the overhead line consists of several cable
sections with various routing temperatures, the smallest routing temperature should be used as
the basis for measuring ampacity.
Special inspection
As part of a special inspection of an overhead line intended for overhead line monitoring, all
live components and possibly existing irregularities must be captured. Furthermore, specifics
such as proximities to high buildings or routing through forest clearings must also be captured. Based on the result, it must be checked whether components are fitted, which were not
designed for increased continuous ampacity or are no longer state-of-the-art (e.g. cone wedge
tension clamps, older style dump support clamps with closed iron core, and curb type midspan
joints). Such components must be replaced. Similarly, suitable measures should be taken to
eliminate observed irregularities (e.g. splay of overhead conductors due to wire breakages).
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Checking connectors
Clamp and compression type midspan joints age due to chemical reaction at the contact points
during their operational lifetime resulting in increased joint resistance. This aging occurs even
for carefully installed connections with small connector resistance depending on climatic,
electrical and mechanical demands. Depending on the load stress, a high joint resistance
causes excess temperature at the connection, so that the condition of the connection can be determined using infrared thermography.
Every compression type midspan joint of the overhead line designed for overhead line monitoring must be tested using this procedure. Any suspect compression type midspan joints with
excess temperatures in relation to the overhead conductor must be replaced. Clamp type joints
in the substation as well as line range of the circuit should be subjected to exemplary examinations using this procedure. If numerous irregularities are detected, the number of tested
clamp type joints must be increased. Suspect clamp type joints must be replaced. Due to the
increased current flow, dead components (e.g. insulator chains) are subject to a temperature
increase within the permissible range, as the conductor temperature does not exceed the routing temperature (e.g. 60°C or 80°C) as a matter of principle. If necessary, the condition of
these components must be checked during operation through several site inspections or aerial
surveys using infrared thermography.
Meteorological sensors and locations
The concept of overhead line monitoring provides the determination of the continuous ampacity limit of an overhead line depending on the ambient climatic conditions. For this purpose,
climate data must be collected with suitable sensors at the locations, which are climatologically representative for the line. Conceptually, the climate variables of ambient temperature
and wind speed need to be captured. The sensors used to determine these variables must comply with international standards. The gliding 10 minute average value must be provided. This
setting must be preset and used during operation for overhead line monitoring. Equipment on
the basis of a PT100 temperature sensor must be used to measure ambient temperature.
An ultrasound anemometer is to be used as a wind speed sensor. The location of climate stations must be representative for the entire cable route. The number of climate stations must be
adapted to geographic circumstances. At least the circuit terminals (substations) must be
equipped with climate stations. In case of uncertainty, the support of climate experts must be
sought.
Implementation of an algorithm for weather-dependent ampacity
The algorithm is used to determine the climate-dependent dynamic ampacity of circuits in
overhead line monitoring online. The algorithm must therefore be implemented in the existing
control technology with a software program.
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EMC 26. BImSchV
The increase of maximum continuous ampacity of an overhead line results in an increase in
the maximum possible magnetic fields. Field calculations must be used to check, whether the
limit values specified in 26. BImSchV comply with these currents. If necessary, the maximum
permissible continuous ampacity must be adjusted accordingly. It must be investigated
whether a duty of disclosure exists based on the changed limit values. If necessary, this
change must be disclosed.

9.2.2

Impacts on the primary technical equipment chain of substations

When examining higher utilisation of the transmission capacity of primary technical equipment in substations, the following equipment must be considered primarily:
Overhead conductors, tube conductors,
High-voltage clamps and connectors,
Circuit breakers,
Disconnectors,
Current and combined instrument transformer,
Line traps.
The statements for the overhead line fundamentally apply to overhead conductors in switching stations. Tube conductors are usually sized according to mechanical factors and as a rule
are uncritical in terms of rated current. In contrast to overhead lines, screw terminals are often
used in switchgears instead of press connectors. Due to their construction and transmission resistance, they are often more critical in terms of their aging behaviour at large temperature
differences.
Switching equipment is partly designed for a time-independent rated current Ir, which under
certain idealised conditions results in no inadmissible loads on equipment or equipment components. In this context, EN 60694 (VDE 0670, part 1000), Table 3 shows temperature and
excess temperature limit values for various parts, materials and insulating materials. In terms
of the rated current, the maximum permissible ambient temperature for switching equipment
and transformers usually depends on the design. In accordance with EN 60694, this is normally 40°C for switching equipment.
The standards EN 62271-100 (circuit breakers) and EN 62271-102 (disconnectors) also provide indications with regard to the overload capacity of the switching equipment.
“It should be noted that circuit breakers and/or disconnectors do not have a specified overload capacity. The rated current should consequently be chosen in such a way that the circuit
breaker and/or disconnector is suitable for all load currents in operation.”
For disconnectors , the standard also alludes to extraordinary operating conditions (e.g. infrequent opening of high-load disconnectors at high ambient temperatures), under which the
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rated load current has no application in some cases. In this context, a consultation with the
manufacturer is recommended explicitly.
The temperature-rise test stipulated in type approval tests allows conclusions to be drawn for
brand-new equipment. The ambient temperature during testing should be between +10°C and
+ 40°C. Within this ambient temperature range, excessive temperature values must not be corrected. The values from above mentioned Table 3 apply. During routine testing, only the resistance of the main circuit is measured. The resistance value must be no more than 20%
above the test specimen in the type approval test before the temperature-rise test. In practice,
the increase of transmission resistance, particularly at the contact points and connections,
must be considered.
Equipment housed in the main circuit, such as circuit breakers, must be well protected against
the effects of the weather; the contact stress and/or erosion is mainly determined by the number as well as the level and duration of switching operations. In contrast, disconnectors with
their uncapsuled insulating distance and rotary contact systems are relatively prone to climatic
influences and wear and tear. Rotary contact systems, in particular, are subject to high dynamic and thermal loads. A thermovision measurement of high-load equipment as well as
connection points and junctions can give more detailed information on the condition of contact surfaces and/or their transmission resistance.
In principle, the standards do not consider the effect of wind speed on switching equipment.
However, EN 60694 does not permit air speeds in excess of 0.5 m/s for temperature-rise tests.
In accordance with EN 60044-1 (VDE 0414 part 44-1) and EN 60044-3 (VDE 0414 part 443), the rated thermal continuous current of outdoor current and combined instrument transformers is designed for a maximum ambient temperature of 40°C with a maximum average 24
h value of 35°C in all standardised temperature classes. Solar radiation is 1000 W/m2. The
standard value of rated thermal continuous current is equivalent to the primary rated current.
In practice, a rated thermal continuous current is usually defined, which is bigger than the
primary rated current. According to the standard, the preferred values are 120%, 150% and
200% of the primary rated current. The limit values for excessive temperatures of coils are
specified in EN 60044 (for high-voltage transformers) and in EN 60694 (for connections).
The thermal effect of the current for the current transformer consists of the Joule effect losses
of the primary conductor and the secondary coil as well as the eddy-current losses (e.g. top
housing) and other iron and reversal of magnetism losses. A general statement cannot be
made on the level of load of current and combined instrument transformers in excess of the
thermal rated current due to the large number of different designs and usually available different switching options.
Because of the complex design and geometry of switching equipment and transformers compared to simple conductors, it seems difficult to take into account the wind, particularly in
terms of flow direction, in practice. The “shadowing” of temperature-critical components
through buildings, their own design or add-on parts (e.g. for field control) only allows very
conservative estimates with regard to the effect of wind. Due to a lower height above ground,
the effective wind speed measured at switching equipment components is lower than that
measured at the overhead line. As an example of other factors, which must be taken into account in case of greater utilisation of switching equipment components, the (limited) lock-in
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range of single-column pantograph disconnectors in cable systems and possibly existing line
traps must be mentioned here.
Due to the large number of different primary equipment and substation designs, a general
statement on the practically available potential of greater utilisation of transmission capacity
is only possible to a limited extent and not state-of-the-art. In general, accelerated wear and
consequently increased maintenance costs are the expected consequences of greater equipment loads.
The increased utilisation of switching equipment and current and/or combined instrument
transformers depending on environmental conditions is currently not common in Germany or
abroad. On the one hand, a general approach is difficult due to the variety in terms of equipment technology and the varying technical conditions. On the other hand, the replacement of
said equipment for new equipment or exchange with existing equipment is relatively easy and
can be carried out inexpensively compared to upgrading entire circuits.

9.2.3

Effects on the safety system

The setting of safety systems must fulfil the following requirements:
In the case of a short-circuit, the protection equipment must respond promptly and
separate the fault selectively and as quickly as possible from the grid.
The safety setting should not cause any limitations of normal operation, i.e. high loads
should not activate or trigger the protection system.
Distance and differential protection equipment is used to protect lines in extra high voltage
grids. Modern digital protection equipment does not limit normal operation at high operating
currents, provided the settings have been adapted to the operating current and short-circuit
current conditions.
Electromechanical protection equipment has significant limitations with regard to the setting
values compared to digital safety devices. Due to their decreasing number within the extra
high voltage grid, however, they are not considered in further detail here.
In principle, the activation conditions for protection equipment must be determined taking
into account the expected operating and fault currents for the specific grid and all possible
scenarios technically suited to the grid.
In summary, it can be concluded that the digital protection equipment, which is now increasingly used in extra high voltage systems, allows appropriate settings that prevent the protection equipment from over- or underreacting. The maximum permissible operating current is
usually lower than the rated thermal continuous current of current and combined instrument
transformers so that the transmission capacity of overhead conductors is not restricted.
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9.3

Illustration of technical and legal requirements for the operational use of weather-dependent ampacities

The Energy Industry Act (EnWG) 72 represents the legal foundation for any construction and
operation of power plants. As a consequence, this also applies to the operational use of monitoring systems to increase the transmission capacity of overhead transmission overhead conductors or to the use of special conductors with operating temperatures above 80°C. Authoritative provisions can be found in § 49 EnWG; paragraphs 1 and 2 of this ordinance, which has
the following wording (with regard to the electricity sector):
Specifications for power plants
(1) Power plants must be constructed in such a manner as to guarantee technical safety. Notwithstanding any other applicable legal provisions, the generally accepted codes of practice
must thereby be considered.
(2) The compliance with generally accepted codes of practice is assumed, when plants for
generation, transmission and distribution of electricity comply with the technical rules of the
Association for Electrical, Electronic & Information Technologies (VDE).
In case of deviation from the applicable standards, the operator of electric power plants is
therefore obliged to prove and document that its procedure nevertheless represents the generally accepted codes of practice or established state-of-the-art.
The informative and therefore non-compulsory part of DIN EN 50182 (see Section 9.1.1) outlines the conservatively expected environmental conditions as an example for the operation of
conductors in accordance with this standard. In DKE K421 (2005), the committee of the
German Commission for Electrical, Electronic & Information Technology (DKE), which is
responsible for the standardisation of overhead lines, comments on a deviation from these environmental conditions (e.g. increased capacity of conductors with greater cooling through
perpendicular wind flow or through lower ambient temperature). The main information can be
summarised as follows:
Operation at changed environmental conditions is possible, as long as the maximum
conductor temperature of 80°C is not exceeded for conductors (note: this applies for
conductors in accordance with DIN EN 50182).
All safety-relevant distances must be maintained
Not only the cabling, but all components in the current path must be designed to withstand the relevant current load.
It can consequently be assumed that the “generally accepted codes of practice” and therefore
the requirements of § 49 EnWG are satisfied, if said boundary conditions are fulfilled. The
commentary73 on the Energy Industry Act points to the fact that the “generally accepted

72 EnWG 2005
73 DIN EN 50341 (2002)
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codes of practice” status also requires the relevant technology having been tested and established in practice.
For conductors, which (unlike standard conductors in accordance with DIN EN 50182) are
designed to be operated at temperatures above 80°C (see Section 9.1.2), no such request or
statement by the DKE K 421 is available. In this context, DIN EN 50431 (2002), Section 9.2,
can be drawn on:
… Annotation 2: For some overhead projects, conductor types or materials may be used for
the installation of overhead lines, which are not covered by existing EN standards. In such
cases and in the absence of corresponding standards, all required parameters and the corresponding test methods should be specified in the project specification with appropriate reference to EN standards. …
It can be concluded that – as for conductors in accordance with EN 50182 – at the very least
the safety-relevant distances must be observed and all components in the current path must be
designed for the appropriate current load.

9.4

Other requirements
9.4.1

Documentation, legal responsibility, liability, solidarity duties,
duties in accordance with the Energy Safety Act

In this context, the utilisation of weather-dependent ampacities on overhead lines differs in no
way from the utilisation of other equipment in grid operation. The system operator must ensure that used technologies comply with all applicable directives, regulations and standards
and he must document this lawfully. Assumptions and prognoses regarding the environmental
conditions (particularly for grid safety calculations) should be treated in the same manner.

9.4.2

Further technical requirements

The utilisation of overhead line monitoring equipment in particular and its integration in grid
operation via a stand-alone computer or directly into the grid control system naturally presupposes a number of necessary measures in terms of communication technology, power supply
of local installations etc. These details, however, are not discussed any further in the context
of the dena II study, as the design depends on the relevant equipment type and its particular
configuration with regard to the integration into the grid operation. There are a number of solutions in this respect (uncoupling per modem, via fibre optic cable,…), which are state-ofthe-art.
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9.5

Potential use of weather-dependent ampacities in grid planning
9.5.1

9.5.1.1

Objectives
General objectives

This section links the above mentioned legal and technical prerequisites to the grid-related
and grid planning requirements. It aims to provide a possible approach to ampacity for grid
planning calculations in the form of ampacity percentages in proportion to 100% ampacity.
In this context, “100% ampacity” is defined as the capacity for an Al/St 265/35 mm² cable
under standard conditions (35°C outdoor temperature, 80°C cable temperature, 0.6 m/s wind
speed, perpendicular wind flow, 900 W/m2 global radiation). For the cables, which are prevalent in Germany’s extra high voltage grids, the specified ampacity percentages can be generalised relative to the 100% value; for a specified “120% ampacity”, for example, this is almost
irrespective of the conductor design.
9.5.1.2

Objectives for the wind feed-in scenarios

The dena II study examines a possible integration of renewable energies, wind energy in particular. As a consequence, the specified potentials refer to grid planning scenarios, which assume wind power feed-in. No other scenarios or weather dependencies are examined.

9.5.2
9.5.2.1

Limitations
Lack of general validity of the examination

Within the scope of the dena II study, it is only possible to comment on possible indications
of potential for weather-dependent ampacities in large-scale regions and no generally valid
statement can be made, which would apply in detail to every overhead line. The following information on ampacity potentials were determined on the basis of exemplary evaluations of
existing weather stations, which do not necessarily have to be located in the vicinity of overhead lines. System operators must thoroughly check their grid area and overhead line routes
and, if necessary, increase/decrease the specified ampacities based on the exact route and locality as well as technical particularities.
9.5.2.2

Boundary effects not taken into account

Boundary effects (e.g. streaming and further cooling through self-generated thermal lift of
warmed-up overhead conductors) dominate at very low wind speeds, such as were recorded
for weather measuring stations in Southern Germany, in particular. Additionally, snowcovered grounds can lead to increased warming of overhead lines through radiation reflection.
These boundary effects were not considered in detail for the ampacity potentials specified in
this study, but summarised with the assumption that these cooling effects were sufficiently
replicated by using standard conditions (wind speed 0.6 m/s, perpendicular wind flow). A
greater depth of detail cannot be extracted from the currently available publications and is to
be clarified with further research studies in future.
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9.5.3
9.5.3.1

Methodology
Strong wind limit

The definition of a “strong wind limit” is necessarily random. It is statistically not reasonable
to set this limit too high (e.g. strong wind = 95% wind power generation capacity), because
evaluations of real wind feed-in data between 2004 and 2007 show that this strong wind incidence did not occur frequently so that consequently no statically resilient statement can be
made. Furthermore, this “strong wind limit” must not be set too low, as otherwise the corresponding ampacities are reduced accordingly. In a relevant study by energy & meteo systems74, the limit was specified as 65% of the installed wind power capacity; this value is,
however, quite conservative and therefore results in low ampacities. This study also points out
that the division into feed-in classes can be carried out on the basis of wind speed and that this
methodology provides qualitatively similar results. Based on these considerations, the AS 2.5
work group defined the strong wind limit at a wind speed of 9.5 m/s. This value is equivalent
to approximately 80% of available wind power, which is apparent from the exemplary wind
power plant power curves (see Figure 9-12) as well as the regional wind feed-in power curve
in the contractual zone of E.ON Netz (see Figure 9-13). These approaches must be considered
during further examinations.
9.5.3.2

Average wind limit

Following from the observations for the strong wind scenario, it was shown that grid planning
examinations must also consider the use to full capacity at lower wind speeds. Otherwise, the
use to full capacity of overhead lines in Northern Germany would drop suddenly from 150%
to 100% if the strong wind feed-in defined above changed from 80% to 79%, for example. To
soften this leap, an “average wind scenario” was also defined. “Average wind” is assumed to
be wind speeds between 7.5 and 9.5 m/s, averaged over the above mentioned wind feed-in locations. According to the assumed exemplary WT power curve (Figure 9-12), this corresponds to a feed-in value of approximately 50% (Figure 9-13).
Figure 9-12:

Exemplary WT power curve

Source: http://www.gepower.com/prod_serv/products/wind_turbines/en/15mw/tech_data.htm

74 Lange / Focken (2008)
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Figure 9-13:

Wind feed-in curve in the E.ON Netz contractual zone 2006-2007

capacity [% of installed capacity]

regional power curve E.ON

wind speed [m/s]

Source: Lange / Focken (2008)

9.5.3.3

Weak wind

Further-reaching specifications (e.g. deliberations over a “1/3 wind scenario”) are not reasonable, as the chosen methodology of total wind feed-in in Northern Germany harbours a risk
that a higher resolution of potential indications means that regional differences become so
large proportional to the resolution that they falsify the result.
9.5.3.4

Interface to grid planning

In the context of its examinations for different scenarios, grid planning can assume different
ampacities. Amongst other things, grid planning scenarios model different energy feed-in
situations (e.g. strong wind feed-in, weak wind feed-in, high conventional power plant feedin, low conventional power plant feed-in etc.). The ampacities specified here relate to strong
wind scenarios or average wind scenarios. Whether grid planning can utilise the specified potentials based on other boundary conditions, falls within the scope of grid planning examinations.
9.5.3.5

Underlying base data of regional environmental conditions

Local environmental conditions were determined on the basis of hourly values for temperature and wind speed for the measuring stations of the German Weather Service (DWD) listed
below. The chosen measuring stations are spread throughout Germany. Although some measuring stations were only suitable to a limited degree (the Karlsruhe station, for example, is installed on top of a 48 m high-rise building), they were still used in the evaluation in order to
appraise the relevant sensitivity. In case of the actual realisation of the concept illustrated here
it is also necessary, depending on the affected overhead line, to have the selected measuring
stations in proximity to the line verified by a meteorological test institute in terms of their
suitability for a generalised conclusion and changed if necessary.
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DWD measuring stations used to determine regional ampacity potentials:
Helgoland
Schleswig-Jagel
Sankt Peter-Ording
Norderney
Fehmarn
Arkona
Quickborn
Waren
Boizenburg
Grünow
Soltau
Lingen
Braunschweig
Werl
Halle-Kröllwitz
Lüdenscheid
Kassel
Leipzig-Schkeuditz
Görlitz
Osterfeld
Köln-Bonn
Giessen-Wettenberg
Wiesenburg
Bamberg
Saarbrücken-Ensheim
Karlsruhe
Gelbelsee
Stuttgart (Schnarrenberg) Stuttgart-Echterdingen Lahr (Black Forest)
Kempten
Garmisch-Partenkirchen

9.5.3.6

Underlying locations for wind feed-in

With regard to the correlation of local ampacities with the strong wind or average wind feedin, it must be considered that due to the larger share of offshore installations, the currently
wide-spread onshore wind feed-in will be overlaid in future by the wind energy feed-in, which
is concentrated along the coast from a meteorological viewpoint. These requirements are met
by averaging the theoretical wind feed-in at 17 selected locations in Northern Germany (location of DWD measuring stations) and correlating them with the regional ampacities. These 17
locations in Northern Germany represent a good balance between onshore and offshore wind
feed-in:

Norderney
Schleswig-Jagel
Lingen
Boitzenburg
Werl
Görlitz

9.5.3.7

Helgoland
Fehmarn
Soltau
Grünow
Leipzig-Schkeuditz
Braunschweig

St. Peter-Ording
Arkona
Quickborn
Waren
Halle-Kröllwitz

Assumptions regarding the situation directly at the overhead line

In order to be able to specify the ampacity potential for individual overhead line sections, assumptions must be made regarding the situation of local wind flow at the overhead line.
Lange / Focken (2008) specify an upstream flow angle of 0° (parallel to the line) for grid
planning calculations and point out that wind speed can decrease by up to 95% due to local
wake effects. In the context of the potential indications of the current study, a less conservative approach was chosen:
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Upstream flow angle of 30° between the wind direction and the overhead conductor
Reduction of wind speed at the overhead conductor to 50% to incorporate average
wake effects
There are two possible options with regard to minimum wind speed.
Option 1: The minimum wind speed was limited to 0.6 m/s perpendicular to the conductor, which represents a standard value in accordance with EN 50182.
Option 2: No limitation of the minimum wind speed
The potential indications illustrated on the map in Section 9.5.4 were determined based on an
average ampacity from both variants.
The fact that the DWD measuring stations, their wind sensors in particular, are normally installed at a height of approximately 10 to 15 m above ground, is taken into account. This is
equivalent to the average ground clearance of extra high voltage lines at midspan.
9.5.3.8

Ampacity calculation model

In accordance with the CIGRE Technical Brochure 207, the CIGRE model used here yields
similar ampacities as the Webs model described in Webs (1962). Due to the divergent convection calculation model, the calculation model according to IEEE 738 yields results, which deviate by up to 10% (mainly downwards).
9.5.3.9

Statistics

As per Lange / Focken (2008), it is sensible to assume the ampacity, which is at least present
with 99% probability in the strong wind scenario (first percentile). This assumption is adequate for grid planning calculations.
9.5.3.10

Individual potentials at the respective measuring stations

The methodology elucidated in previous sections shows the following ampacity potentials at
the respective measuring stations.
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Figure 9-14:

Overview of determined ampacity potentials at DWD measuring
stations in the strong wind scenario
Variante
Variant 1 1

190
180

Variant 2 2
Variante

170

Potential indication in
Potentialindikation
im
strong wind scenario
Starkwindszenario

160
150
140
130
120
110
100
90

Helgoland
Schleswig-Jagel
Sankt Peter-Ording
Norderney
Fehmarn
Arkona
Quickborn
Waren
Boizenburg
Grünow
Soltau
Lingen
Braunschweig
Werl
Leipzig-Schkeuditz
Wiesenburg
Görlitz
Lüdenscheid
Halle-Kröllwitz
Osterfeld
Köln-Bonn
Gießen-Wettenberg
Kassel
Bamberg
Saarbrücken-Ensheim
Karlsruhe
Gelbelsee
Stuttgart(Schnarrenberg)
Stuttgart-Echterdingen
Lahr
Kempten
Garmisch-Partenkirchen

P1 der rel. Summenhäufigkeiten

P1 der
of rel.
total frequency of ampacities
Strombelastbarkeiten
(%)

200

Source: Calculations by Amprion GmbH

Overview of determined ampacity potentials at DWD measuring
stations in the average wind scenario
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Figure 9-15:

Source: Calculations by Amprion GmbH

The graph shows that wind speeds of < 0.6 m/s occur in Southern Germany (downward curve
for option 2). For this reason, we depart from the taxonomy, which was chosen in the strong
wind scenario, and take into account the progression of this curve.
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9.5.4

Potential indication maps

Super-regional potential indication maps for ampacities in the strong wind and average wind
scenarios can be derived from the specified values:
Figure 9-16:

Potential indication map for ampacities in the strong wind scenario

150%

130%

115%

Source: Calculations by consortium, work group equipment load capacity
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Figure 9-17:

Potential indication map for ampacities in the average wind scenario

140%

120%

105%

Source: Calculations by consortium, work group equipment load capacity
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9.5.5

Further procedure in transitions between potential indication
regions

The clustering of individual potential indication regions results in blurring in the transition between regions. In some instances, a detailed examination of transitions between the potential
indication regions becomes relevant for the layout of overhead lines when performing grid
planning calculations. In this context, the following procedure is well suited:
Determining the line routing and line-specific particularities,
Evaluation of environmental conditions on the basis of meteorological measuring stations in the vicinity of the line using the procedure described above,
Appropriate assignment of the line either to the potential indication region with greater
ampacity indication, to the potential indication region with smaller ampacity indication or a justified interim value.

9.6

Potential use of weather-dependent ampacities
9.6.1

9.6.1.1

Objectives
General objectives

Unforeseen situations, which cannot be considered in the grid planning phase, can result in
limited energy transmission in commercial grid operation caused by the ability of the overhead lines to transmit power. The utilisation of weather-dependent ampacities in grid operation can reduce such limitations.
9.6.1.2

Objectives regarding the dena II study

From the viewpoint of grid operation, the objectives of the dena II study (future integration of
renewable energies) raises more grid planning than operational issues. For high-load circuits
in the extra high voltage grid, it is nevertheless sensible to make information on the current
equipment load capacity available to personnel in the appropriate control centres using overhead line monitoring.
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9.6.2

Methodology for utilisation in grid operation planning

Procedures and methods for overhead line monitoring are described in detail in Section 9.1.4.
It is essential for grid operation, however, to carry out safety calculations in terms of grid operation planning (forecast) to determine environmental conditions and associated ampacity
with sufficient certainty. In this context, it is necessary to adequately identify environmental
conditions and associated ampacities in advance, taking into account the forecast quality.
Only in this case it is possible to utilise the relevant potentials for grid operation planning.
High-precision local forecasts are a prerequisite for this. The necessary tools and influencing
factors (e.g. remote parameterisation of safety systems, which is not currently state-of-the-art)
are currently being investigated in research outside the dena II study, see IAEW-FGE annual
report 2008, for example.

9.6.3

Potential for operational use in the strong and average wind
scenarios

The potential of weather-dependent ampacity for grid operation is also illustrated in the potential indication maps in Section 9.5.4. As described above, these maps were compiled for
weather conditions, which occur with 99% probability (first percentile) in the strong and average wind scenarios respectively. It can consequently be concluded that higher potentials
with regard to grid operation are possible depending on actual environmental conditions (e.g.
weather, time of day, season). It is impossible to give a general indication of the level of potential for operational use, as this strongly depends on these environmental conditions.
Whether potentials can be utilised in grid operation also depends on the following boundary
conditions:
Operationally required reserves must be available for high-loaded grids,
The grid must have planned-in reserves for necessary switching operations,
The permissible operating conditions, in particular the potentially higher ampacities
(grid operation) discussed above, must be defined in advance and their legitimacy must
be checked (e.g. voltage limit violations, current overload, angle stability).
The technical and legal requirements detailed in Sections 9.1 to 9.4 must be fulfilled ex
ante.
Information on environmental conditions must be made available for lines, which will
be subject to more than 100% ampacity load in future, in order to determine the currently available ampacity in each case (for example through overhead line monitoring,
weather forecasts etc.).
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9.7

Limitations, recommended action, outlook

The above sections discuss the boundary conditions and limitations of possible applications
for high-temperature overhead conductors and overhead line monitoring. The current state of
technology is discussed, basic principles and methodologies are described transparently. In
order to utilise these technologies safely in the transmission system and significantly increase
the transmission capacity of the grid as a result, it is recommended that the aspects mentioned
in the following section are considered and appropriate measures derived, if necessary.

9.7.1

Limitations

The technical and economic boundary conditions are described in detail in Sections 9.1.3, 9.2,
9.3 and 9.4. In theory, these technologies can be combined, for example the use of hightemperature cables (increase of transmission capacity to 150 %) whilst also considering, for
example, overhead line monitoring in Northern Germany for grid planning in the strong wind
scenario (increase of transmission capacity to 150 %), which would result in a combined increase of transmission capacity by 1.5 x 1.5 = 225%. This is based on the assumption that
shortages in transmission capacity can be eliminated by simply increasing the maximum permissible operating current. Due to system reliability aspects, however, this cannot be generally assumed for the transmission system.
Fundamental analyses of German TSOs in the “system reliability” work group as well as examinations within the framework of the EWIS study indicate that not the thermal shortage,
but the stability limit of the grid is the limiting element for high operating currents. Against
this background, the increase in transmission capacity is only practical with a safe distance to
the stability limit. This stability limit depends on local conditions (line lengths, degree of intermeshing), the used equipment and concepts (e.g. grid protection systems). There are also
potential problems with regard to recording fault currents with decreasing gaps to the operating currents and/or greater load angles, which result in safety-related limits for maximum
transmissible active and reactive power, particularly for long line lengths and limited intermeshing. The transmission technology and measures needed to enhance the flexibility of the
existing grid are intrinsically linked through system-dynamic aspects. Appropriate dynamic
investigations must be carried out on the specific grid, which will be the subject of follow-up
studies on the definition in more detail of grid-specific measures. Furthermore, switching
equipment for continuous currents in excess of 4000 A are no longer standard devices, which
could be utilised by exchanging existing equipment, for example. The discussion on basic
principles in the above mentioned work groups is ongoing. Allowances must be made, however, for recent findings that above the specified operating current limits, the transmission capacity can no longer be increased by increasing the operating current, but through other measures such as increased operating voltage or the addition of parallel systems. The fact that the
additional installation of circuits in the (n-1) approach yields a much higher increase in transport capacity than the reinforcement of an existing circuit must be evaluated by grid technicians.

157

Dependency of equipment load capacity on environmental conditions

9.7.2

Recommended actions regarding high-temperature conductors

The reference lists of individual cable manufacturers show that there is a distinct lack of experience with regard to the use of high-temperature conductors with designs deviating from
EN50182 (e.g. GAP) as bundled conductors. Due to the corona development and for other
technical reasons such as adequate ampacity, triple or quadruple bundles (or possibly even
more subconductors per bundle for higher operating voltages) are required to reduce the
losses on 380 kV lines in Germany. First pilot trials with GAP conductors as described in
Section 9.1.2 by EnBW Transportnetze AG have shown that the cable bundle “tips”, i.e.
twists after just a few months. This GAP project and a pilot project by Amprion, in which a
380 kV circuit was equipped with bundled conductors made from high-temperature cables of
the ACCC and ACCR types as discussed in Section 9.1.2, have shown that the installation of
these overhead conductors is much more complex than that of conventional overhead conductors and has to be carried out by specially trained staff. The expense is significantly higher
than conductor manufacturers previously estimated. With ACCC and ACCR cables, there is
still a danger of damaging the core, if installed incorrectly. In addition, special fittings and
connectors had to be used, their suitability tested in preliminary tests and their installation
practiced in training sessions supervised by conductor manufacturer staff. Last, but not least,
the so-called transition point had to be determined in preliminary investigations with defined
cable pulls, sags and cable temperatures in order to allow a suitable representation of these
cable types in simulation programmes.
Recommended actions:
Carry out field and long-term trials with high-temperature conductors with the aim of
documenting not only higher ampacities, but also mechanical stability, suitable installation methods, mechanical long-term behaviour and fittings for use as bundled conductors. If necessary, this can be supported by test institutes and universities through
experimental investigations and theoretical studies to map the non-linear behaviour of
these conductor types,
Setting up test fields at suitable spans in the transmission system to gain experience
with regard to grid operation. In this context, a risk analysis and, possibly, an appropriate location-specific legal evaluation is necessary; as described in Section 12.3, the
Energy Industry Act does not envisage the use of technologies, which do not comply
with "generally accepted codes of practice”.
In order to steer the development towards “generally accepted codes of practice”, a
normative definition of the handling of high-temperature cables of different designs is
required. There are international and German cable standards for some cable types
(e.g. GAP conductor IEC 62420, ACSS conductor DIN VDE 0212-355). To date,
there are no European standards for special conductors, which are only produced by
one manufacturer, such as ACCC and ACCR cables. The European CENELEC association and/or the DKE should push for standardisation in Europe and the IEC for international standardisation.
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Furthermore, the possible uses, boundary conditions and the handling of hightemperature cables should be regulated uniformly. In this context, a code of practice
should be developed by the Forum network technology/ network operation in the VDE
(FNN).

9.7.3

Recommended actions for the consideration of overhead
line monitoring

The methodology and limitation of the generalised potential indication map is outlined in
Section 9.5 above. The methodology shown can be taken into account for grid planning
and is also used in this study. Recommended actions:
The discussed methodology should be incorporated in the data sets for grid planning in the strong and average wind scenarios.
The possible uses, boundary conditions and the handling of overhead line monitoring in grid operation should be regulated uniformly. This viewpoint was also
adopted by the FNN. The draft version of E VDE-AR-N 4210-5:2010-06 code of
practice is currently available from the FNN.
As outlined in Section 9.6.2, further research on the use of overhead line monitoring in grid operation planning is necessary. Such research should be supported by
technical institutes and universities.

9.7.4

Outlook

By means of the measures outlined above, high-temperature cables and overhead monitoring can be developed towards “generally accepted codes of practice", thus freeing the way
for their use in Germany’s transmission system. It cannot be stressed enough, however,
that the specified technical boundary conditions must be fulfilled. A general economic
evaluation of line installations with high-temperature cables must take into account not
only the cost of cables (as cable manufacturers like to claim in their presentations), but
cable costs, installation costs for provisional installation during the construction phase,
mast reinforcements, foundation reinforcements, protection of property due to greater restricted areas, mast extensions in order to comply with limit values for electromagnetic
fields, loss costs, etc.
Due to the number of boundary conditions to be examined and the necessary measures for
each affected line, which go beyond the simple replacement of overhead conductors, the
use of high-temperature cables or overhead line monitoring will stay limited to those
routes, which would otherwise face congestion due to the high level of utilisation and the
time it would take to provide relief through grid expansion. In light of the stability limits
discussed above, it will not be reasonable to equip all newly installed routes with hightemperature cables. The increase of transmission capacity through increased operating
current is consequently maxed out on the individual routes in the transmission system, for
which the use of such technologies is sensible. Whilst it might be sensible to further increase the operating current in the distribution system (single conductors), this does not
159

Dependency of equipment load capacity on environmental conditions

apply to meshed transmission systems with bundled conductors. Whilst the transmission
capacity of individual transmission routes can be increased through overhead conductor
monitoring or high-temperature cables to cope with high demand for transmission capacity, this cannot eliminate the need for fundamental new line installations to cope with upcoming transmission tasks.
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10

Suitable options for the transmission of wind energy power from the North and Baltic Seas to the
load centres

This section investigates and evaluates the currently available technologies for the transmission of high capacities onshore over various distances. It predominantly aims to determine
which of the available technologies are best suited to transmit the wind energy generated in
the North and Baltic Seas to the load centres in central and Southern Germany.
For this purpose, a valuation method was developed, which assesses the examined transmission technologies with regard to their suitability to fulfil a specific transmission task and
which can be prioritised to support a decision with regard to implementation.
Four different transmission tasks, which represent typical applications in the transmission system, were defined to test the method and its results. To simplify matters, these transmission
tasks are simply characterised by a value pair consisting of transmissible power and transmission distance, i.e. represent more or less abstract "greenfield" connections between a point A
and a point B. In this context, a “greenfield” connection represents a direct connection not
taking into account existing structures or local circumstances such as settlements, the integration into the existing transmission system and geographical boundary conditions such as terrain. These aspects can only be considered if exact routes are known.
The layout of technologies, for example in terms of the number of transmission systems or
conductor cross-sections etc. is based on the following boundary conditions:
The respective transmission task can be fulfilled (transmission capacity and distance),
Realisation of design with the smallest possible technical effort taking into account all
technical boundary conditions (minimal design),
The requirements of the surrounding grid (additional transmission redundancy, additional system services for the grid, etc.) are not taken into account,
Geographical characteristics (crossing/undercrossing of rivers, crossing of nature reserves, proximity of airports etc.) are not taken into account.
The evaluation of the transmission technologies and the development of the ranking are carried out using different criteria, which are divided into the following groups:
Technical features
Cost-effectiveness
Environmental impact
System behaviour/system compatibility
The valuation method and individual results are discussed in the following sections. Furthermore, the development potential of the different transmission technologies for the next 5 to 10
years are analysed and illustrated. In order to assess the viability of a transmission technology
until 2020, the development potential of the technology up to the year 2015 was taken as the
basis, because experience has shown that the associated planning, approval, installation and
commissioning can take a considerable amount of time.
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The valuation method and tools are available for overall grid evaluation and are used to address the identified transmission tasks (see Section 13). For this purpose, the valuation matrices must simply be adjusted accordingly. The findings from this section can be used as an orientation guide in this respect.

10.1

Description of transmission technologies

10.1.1

Transmission tasks

The method of comparing the different transmission technologies described in this section is
tested for plausibility using exemplary transmission tasks. The following transmission tasks
are investigated:
Transmission capacity: 1,000 MW
Transmission capacity: 1,000 MW
Transmission capacity: 4,000 MW
Transmission capacity: 4,000 MW

Distance: 100 km
Distance: 400 km
Distance: 100 km
Distance: 400 km

These figures represent typical distances and transmission capacities, which usually occur/are
expected in Germany and other central European countries and should cover a maximum possible range of realistic transmission tasks.
In this context, it must be explicitly pointed out that the transmission tasks discussed here represent more or less abstract "greenfield" connections and do not take into account local conditions, route limitations or geographical boundary conditions.

10.1.2

Transmission technologies

The following technology options are examined:
i. 380 kV three-phase overhead line
ii. 750/800 kV three-phase overhead line
iii. 380 kV three-phase cable
iv. Gas-insulated line (GIL)
v. Classical HVDC technology with cable transmission
vi. Classical HVDC technology with overhead line transmission
vii. VSC- HVDC technology with cable transmission
viii.
VSC- HVDC technology with overhead line transmission
Direct current technologies and gas-insulated lines (GIL) are discussed in more detail in Section 11.
10.1.2.1

Three-phase overhead line

In Germany, electrical energy is predominantly transmitted outside of cities using overhead
lines. Apart from the favourable investment costs, overhead lines have the advantage of good
accessibility for repairs, which guarantees short resupply times.
The highest voltage level in Germany is currently 380 kV; from a rated voltage of 110 kV,
overhead lines are only installed for 2 or more circuits due to the lack of routes.
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The steel lattice masts of a high-voltage overhead line consist of a shaft and a crossbar; its design is determined by the transmission voltage and the number of circuits.
The overhead conductors in these three-phase systems rest on the mast crossbars and are the
main energy transmission element. Whilst overhead conductors can be made from steel, copper, copper alloys as well as aluminium and aluminium alloys, the use of bi-material cables
made of aluminium (for electrical conductivity) and steel (for mechanical strength) now
clearly prevails. In this study, 265/35 Al/St and 560/50 Al/St cables are used as examples of
typical cables.
Bundled conductor arrangements, which feature two or more subconductors arranged parallel
in a bundle instead of single-strand conductors, are often used to increase transmission capacity. This also results in reduced peripheral field strength along the line, which reduces losses
and static noise through corona discharges. 380 kV overhead lines are typically used with
quadruple bundles, i.e. four equivalent subconductors.
Depending on the conductor design, the thermal limiting performance can be more than
2,000 MVA per system; cost-effective transmission is always below the thermally possible
due to increasing loss costs. Furthermore, voltage stability must be considered for the transmission of more than 2,000 MVA, particularly with long lines, as this phenomenon can result
in power limitation.
The use of three-phase overhead lines to transmit power over long distances can cause technical difficulties. The introduction of capacitive series reactance reduces the transmission angle
as well as the voltage drop along the line. As a consequence, increased capacity and better
transmission stability are achieved. Figure 10-1 schematically illustrates a three-phase overhead line connection with possible series compensation.

Figure 10-1:

Schematic illustration of transmission using a three-phase overhead
line

Source: Manufacturer ABB/Siemens

Due to the insulating distances, an overhead line system with a nominal voltage of 750 kV
and above requires bigger masts and consequently significantly wider line routes than a 380
kV overhead line. Thanks to the higher operating voltage, however, more power can be
transmitted cost-effectively per circuit.
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The following two overhead line solutions are examined in this study:
380 kV three-phase overhead line
750 kV three-phase overhead line
Depending on the transmission task, the mast design, cables used and number of cables per
conductor are chosen according to economic and technical viewpoints. Figure 10-2 shows
typical masts for 380 kV overhead lines with 4 three-phase systems and 750 kV overhead
lines with one transmission system each.
Figure 10-2: Designs of typical 380 kV and 750 kV overhead line masts

Source: Happold/Oeding, 5th edition

With regard to the configuration of the technology for the four transmission tasks, the development potential for three-phase overhead lines until 2015 was examined. The cabling and
number of systems per mast were chosen, which offer the economic optimum under the given
technical framework conditions.
Table 10-1 and Table 10-2 show the configuration of the 380 kV and 750 kV three-phase overhead lines for the four specified transmission tasks. The lines were configured according
to technical as well as economic aspects, so that they can fulfil the transmission task with the
lowest possible investment and operating costs.
For the tasks with 1,000 MW and 100 km with 380 kV three-phase overhead lines, for example, the configuration with 2 parallel three-phase systems proved most effective, although a
single system would be technically equally capable of fulfilling this task. In this case, however, a 2 system configuration proved more cost-effective in terms of total annual costs, because loss costs, which make up a large proportion of total costs, would rise significantly for a
single system.
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Table 10-1:

380kV Overhead
Line

Configuration of 380 kV three-phase overhead lines for transmission tasks
Parameter

Unit

Number of circuits
Conductor
Bundle type
Ub
In
Smax per circuit
Width
Series compensation

kV
A
MVA
m
%

1000MW
100km
2
Al/St 4x265/35
4
400
680
1884
40
0

1000MW
400km
2
Al/St 4x265/35
4
400
680
1884
40
0

4000MW
100km
2
Al/St 4x560/50
4
400
1040
2882
40
0

4000MW
400km
4
Al/St 4x560/50
4
400
1040
2882
40
40

Source: Manufacturer ABB/Siemens

Table 10-2:

750kV Overhead
Line

Configuration of 750 kV three-phase overhead lines for transmission tasks
Parameter

Unit

Number of circuits
Conductor
Bundle type
Ub
In
Smax
Width

kV
A
MVA
m

1000MW
100km
1
Al/St 6x550/70
6
750
1020
7950
70

1000MW
400km
1
Al/St 6x550/70
6
750
1020
7950
70

4000MW
100km
1
Al/St 6x550/70
6
750
1020
7950
70

4000MW
400km
1
Al/St 6x550/70
6
750
1020
7950
70

Source: Manufacturer ABB/Siemens
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10.1.2.2

Three-phase cables

Cables consist of one or more conductors, insulation and sheaths and/or shields. Electrolytic
copper or conductive aluminium is used as conductor material. Oil-soaked paper (oil cable) or
cross-linked polyethylene (XLPE cable) is used for insulation. They are manufactured for operating voltages of up to 500 kV and conductor cross-sections of up to 2,500 mm². The maximum transmissible power per cable system is currently approximately 1,000 MVA.
Due to its non-polar character, polyethylene has a low dielectric constant, a very low loss factor and very high electric strength. The cross-linking results in improved mechanical properties.
The length of the cable transmission route is limited due to the high capacitive charging current. The high charging current of the cable limits the active current and consequently effective power transmission. As a result, an inductive cross-compensation of the cable should be
provided for longer distances, whereby several compensation systems are connected to the
cable in several places.
The cables' relatively large operating capacities can also have an effect on the behaviour of
the grid in terms of harmonics. The impedance of the transmission system is typically inductive; tying in long cable routes can cause additional resonance points for certain harmonics.
This aspect must be taken into account for the planning of every transmission route. Figure
13-3 shows an exemplary configuration of a single-wire extra high voltage cable and typically
used layers. Figure 10-5 shows the respective standard for laying a 380 kV three-phase cable
connection. Figure 13-6 illustrates an example for laying a 380 kV three-phase connection
with two systems in a tunnel at a transmission capacity of approximately 1,000 MVA.
Figure 10-3:

Cross-section of a single-wire extra high voltage three-phase cable

Source: VDEW cable manual

166

Suitable options for the transmission of wind energy power from the North and Baltic Seas to the load centres

Figure 10-4:

Typical arrangement for laying two 380 kV three-phase systems directly in the ground

Source: ABB

Figure 10-5:

Laying two systems of a 380 kV three-phase cable in a tunnel

Source: Vattenfall Europe, Wissen 01/05

Table 10-3 summarises extra high voltage cable projects which have been implemented, listing the respective transmission voltage, transmission capacity and total length. The maximum
currently realised length is 40 km.
Table 10-3:
Country

Extra high voltage three-phase projects realised worldwide
Voltage
kV
500
400
400
400

Japan (Tokyo), tunnel
Germany (Berlin), tunnel
Denmark
(Copenhagen)
Denmark
400
(Aalborg/Aarhus)
Spain (Madrid), tunnel
400
United Kingdom
400
(London), tunnel
Source: Vattenfall Europe, Wissen 01/05

Number of
systems
3
2
2
2

Power (MW)
per system
900
1100
975
800

Length
km
40
12
22
14

2

500

14

2

600

12

1

600

20
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Figure 10-6 is a schematic illustration of a three-phase cable with shunt compensation systems.
Figure 10-6:

Schematic illustration of transmission using a three-phase cable

Source: Manufacturer ABB/Siemens

The operational experience with high-voltage underground and subsea cables is outlined in
the CIGRE brochure 379. With regard to the configuration of the technology for the four
transmission tasks, the development potential for three-phase overhead lines until 2015 was
examined. In this context, it is apparent that the development towards higher voltages is very
slow. It is therefore assumed that no increase of transmission capacity can be expected from
the use of three-phase cables by 2020. Table 10-4 shows the configuration of the three-phase
cable for the four transmission tasks specified in this study.
Table 10-4:

380kV AC Cable
XLPE

Configuration of the 380 kV three-phase cable for the transmission
tasks
Parameter

Unit

Number of circuits
Diameter
Arrangement
cross-bonded
Ub
In
Smax per circuit
Num. parallel comp.
Width
Tunnel-

mm²
kV
A
MVA
m
m

1000MW
100km

1000MW
400km

4000MW
100km

2
1200
flat
yes
400
1295
718
5
10

2
1200
flat
yes
400
1295
718
20
10

0

0

5
2500
flat
yes
400
1745
967
5
10
6
0

4000MW
400km
5
2500
flat
yes
400
1745
967
20
10
6
0

Source: Manufacturer ABB/Siemens
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10.1.2.3

Gas-insulated line (GIL)

The configuration of a GIL system (GIL = gas-insulated line) is similar to a pipeline with a
current-carrying internal aluminium conductor. The pipeline is filled with an insulating nitrogen SF6 medium, which consists only of 20 % SF6. SF6 has been reliably used as an insulating gas for many years and is commonly used in gas-insulated switchgear, for example. The
handling of SF6 during installation or repairs is governed by strict environmental control
measures.
Unlike cable routes, gas-insulated lines have an electrically desirable operating behaviour that
is very similar to that of an overhead cable, due to the gas insulation. Even high capacities
(>1,000 MVA) can be transmitted without cooling systems. The reactance coating of a GIL is
about ¼ of the size of the reactance coating of a 400 kV single overhead line, and the operating capacity is approx. 4 times higher than that of an overhead line. Compared to three-phase
cables, GILs offer a considerably smaller operating capacity so that less power is required for
shunt compensation.
Due to the shielding effect of the steel casing, gas-insulated lines also feature a smaller magnetic field in the transmission system directly above the route than three-phase systems. This
means a smaller impact on the environment and allows direct building development and/or
land use. A gas-insulated line is maintenance-free and not susceptible to external interference
thanks to its encapsulation. So far, GILs have only been laid over relatively short distances. A
total of 200-300 km of GIL systems are in operation worldwide, with the longest system
measuring 3,300 m. Figure 10-7 shows an example of a cross-section of a GIL component including casing tube, hollow-cored conductor and supporting insulators.
Figure 10-7:

Longitudinal cut through a GIL component

Source: Siemens AG

Today, an increase of transmission capacity, predominantly through a significant increase in
voltage up to 750 kV or nominal current, is possible and easily manageable using the GIL solution by changing the dimension of the GIL tube and the conductor.
Figure 10-8 shows a schematic illustration of a GIL transmission route with possible shunt
compensation.
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Figure 10-8: Schematic illustration of transmission using GIL

Source: Manufacturer ABB/Siemens

Table 10-5 shows the configuration of gas-insulated lines for the four specified transmission
tasks using an operating voltage of 400 kV.
Table 10-5:

Configuration of GIL for transmission tasks
Parameter

Unit

Number of circuits
Ub
In
Smax per circuit
Width
TunnelNum. parallel comp.

kV
A
MVA
m
m
-

1000MW
100km

1000MW
400km

4000MW
100km

4000MW
400km

GIL
1
400
3150
2182
5

1
400
3150
2182
5

1

7

2
400
3150
2182
5
3
1

2
400
3150
2182
5
3
7

Source: Manufacturer ABB/Siemens

10.1.2.4

Classical high-voltage direct current transmission (HVDC)

Classical High-Voltage DC Transmission (HVDC) is a technology for the transmission of
electrical power, which was developed in the 1950s. This technology is mainly used for
transmitting extremely high electrical power over long distances, e.g. in China or India. There
are also several existing connections and ongoing projects in Europe, in which HVDC technology is being used. Furthermore, this technology can be used to couple asynchronous grids.
The HVDC transmits power by converting the three-phase AC into DC. This is done using
electronic semiconductor valves (thyristors). The power can be transmitted over long distances via direct current, thus avoiding factors such as inductances and capacities that limit
long three-phase lines. The transmission route can consist of a direct current line or a direct
current cable.
The typical nominal capacity of a HVDC connection is between 1,000 and 3,000 MW. The
most extensive classical HVDC project to date is currently being built in China between
Xiangjiaba and Shanghai over a distance of more than 2,000 km and with a transmission capacity of 6,400 MW at a direct voltage of ±800 kV. The ignition timing of the thyristor valves
can be controlled in order to regulate the HVDC so that the transmitted active power can be
quickly controlled. The switch-off time for each valve depends on the surrounding grid and
cannot be influenced.
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A disadvantage of this technology is that the power converter circuit is grid-controlled, i.e. it
is dependent upon the existence of a relatively powerful three-phase grid, and approx. 50 - 60
% of the nominal inductive reactive power are required in each converter station. The HVDC
also generates harmonic currents, which can be high depending on the power and the operating point of the HVDC.
For this reason, reactive power compensation systems are required, which consist of harmonic
filters and often other capacitors in the magnitude of approx. 50% of the installed effective
power on the HVDC connecting node. Furthermore, the power converter transformers must
be able to cope with the additional load from harmonic currents.
Modern classical HVDCs always have a bipolar design, usually with an identical operating
point for both poles. If one pole fails, the non-affected pole can be operated without disruption.
The basic configuration of a classical HVDC route is shown in Figure 10-9.
Figure 10-9:

Schematic illustration of transmission using classical HVDC technology

Source: Manufacturer ABB/Siemens

Table 10-6 and Table 10-7 show the configuration of the transmission route for all four options with classical HVDC technology and direct current cable or overhead line.
Table 10-6:

HVDC
Cable

Configuration of classical HVDC technology using direct current
cables for the transmission tasks
Parameter

Unit

Number of circuits
Insulation
Un
In
Pmax per circuit
Width

kV
A
MW
m

1000MW
100km
1
MI
± 400
1250
1000
3

1000MW
400km
1
MI
± 400
1250
1000
3

4000MW
100km
2
MI
± 600
1700
2040
10

4000MW
400km
2
MI
± 600
1700
2040
10

Source: Manufacturer ABB/Siemens
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Table 10-7:

HVDC
Overhead line

Configuration of classical HVDC technology using direct current
overhead line for the transmission tasks
Parameter

Unit

Number of circuits
Un
In
Pmax per circuit
Width

kV
A
MW
m

1000MW
100km
1
400
1250
1000
15

±

1000MW
400km
1
400
1250
1000
15

±

4000MW
100km
1
650
3100
4030
25

±

4000MW
400km
1
650
3100
4030
25

±

Source: Manufacturer ABB/Siemens

10.1.2.5

High-voltage direct current transmission using VSC Technology (VSCHVDC)

The HVDC with "Voltage Source Converter" (VSC) technology is a technology for transmitting DC current that uses VSC converters with an intermediate voltage circuit. Unlike classical HVDCs, HVDCs with VSC technology use valves that can be shut off (Insulated Gate Bipolar Transistors - IGBT).
The swift controllability of the power converters allows separate active and reactive power
control. The VSC-HVDC is self-controlled and consequently not dependent on an external
three-phase grid. As it requires no reactive commutation power, it can also be used for threephase grids with low short-circuit power and is even suitable for the connection of islanded
systems without rotating synchronous machines. This transmission technology can also be
used for grid reconstruction, if one side of the VSC-HVDC is not fed by synchronous generators, for example (black start capability).
Unlike the classical HVDC, an AC voltage type that has significantly fewer harmonics can be
achieved because of the rapid IGBT actuation. For this reason, the harmonic filter can be
much smaller than for classical HVDCs. Depending on the technology and transmission task
of the VSC-HVDC, harmonic filters may be omitted altogether. This allows the use of lowercost standard transformers compared with classical technology and results in significantly
smaller space requirements.
VSC-HVDCs are subject to low cable wear, as the DC voltage is kept constant and (unlike
classical HVDCs) the polarity is not changed when the power is reversed. This allows the use
of XLPE cables, which are very durable and facilitate a lighter and more flexible installation
in comparison to mass-impregnated cables (Figure 10-10).
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Figure 10-10:

Laying a XLPE-HVDC cable

Source: ABB

Disadvantages of VSC-HVDCs are higher losses in the power converters amounting to approximately 1.5 % per converter station compared to approximately 0.7 % for classical installations and a limited transmission capability of currently 1,000 MW for DC voltages up to +/320 kV. In future, this limit is expected to increase. In terms of implementation of overhead
lines, a transmission capacity of 2,000 MW is assumed for the year 2020.
Unlike classical HVDCs, the two poles of VSC-HVDCs cannot operate independently of each
other, i.e. both poles must be in operation and have an identical operating point. As a consequence, the whole transmission route must be switched off in case of a fault on one side of the
DC voltage.
Section 11 describes the possible multi-terminal operation of VSC-HVDC technology in detail. This possibility is of great importance for the application in a meshed grid, particularly
with a view to the future development of the European transmission system.
The basic configuration of a VSC-HVDC is shown in Figure 10-11.
Figure 10-11:

Schematic illustration of transmission using VSC-HVDC technology

Source: Manufacturer ABB/Siemens

173

Suitable options for the transmission of wind energy power from the North and Baltic Seas to the load centres

Figure 10-12 shows an example of the space requirement of a classical HVDC converter station and a VSC-HVDC converter station, both with the same capacity, with power converter
transformer, overhead line switchgear and converter station respectively.
Figure 10-12:

Comparison of space requirement for a classical HVDC and VSCHVDC

Source: Siemens
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Table 10-8 and Table 10-9 show the configuration of the transmission route for all four options with VSC-HVDC technology and DC cable or overhead line.
Table 10-8:

VSC-HVDC
Cable

Configuration of VSC-HVDC technology using direct current cable
for the transmission tasks
Parameter

Unit

Number of circuits
Insulation
Un
In
Pmax per circuit
Width

kV
A
MW
m

1000MW
100km
1
XLPE
± 320
1700
1088
3

1000MW
400km
1
XLPE
± 320
1700
1088
3

4000MW
100km
3
XLPE
± 400
1700
1360
10

4000MW
400km
3
XLPE
±400
1700
1360
10

Source: Manufacturer ABB/Siemens

Table 10-9:

VSC-HVDC
Overhead line

Configuration of VSC-HVDC technology using direct current
overhead line for the transmission tasks
Parameter

Unit

Number of circuits
Un
In
Pmax per circuit
Width

kV
A
MW
m

1000MW
100km
1
± 320
1700
1088
15

1000MW
400km

4000MW
100km

1
± 320

2
± 500

1700
1088
15

2000
2000
20

4000MW
400km
2
±500
2000
2000
20

Source: Manufacturer ABB/Siemens

10.2

Evaluation of technologies

10.2.1
10.2.1.1

Introduction

Examined transmission technologies

In this section, the transmission technologies for each of the transmission tasks described in
the previous section are evaluated and compared. This results in a rank order indicating the
suitability of each technology for a certain task.

10.2.1.2

Evaluation criteria

The evaluation is based on different criteria, which can be divided into the following categories:
Technical features
Cost-effectiveness
Environmental impact
System behaviour/system compatibility
The categories and individual criteria within each group are compared and weighted with each
other. The technology options are then compared on the basis of an evaluation resulting in a
ranking order for each transmission task.
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The following evaluation criteria are used:
1. Criteria group: Technical features
Civil engineering (underground engineering, crossing of roads, rivers and paths as
well as development and expansion potential, flexibility of topology)
Construction time (time between start of construction on site and commissioning)
Availability – supply (with regard to supply availability from manufacturers based
on demand and production capacity – forecast for 2020)
Life expectancy (transmission medium, based on current reports)
Operational experience
Fault clearance costs (based on frequency, repair times and maintenance of emergency supplies)
Development potentials until 2020 (with regard to the advancement of the technology and price levels)
2. Cost-effectiveness
The economic comparison is based on a comparison of investment, operating and
loss costs in relation to the annual costs over a period of 40 years. In addition,
other possible costs for the planning and implementation, so-called opportunity
costs (also see Section 10.2.3.2), are taken into account. This group is consequently not divided into individual criteria.
3. Criteria group: Environmental impact
Land use (with view to land requirement, route width (also for compliance with
threshold values for electromagnetic fields), limited use of routes)
Ecological impact (with regard to disturbance of bird migration, planting limitations, risk of soil desiccation)
Ecological impact in the event of failure (with regard to threats to the environment
through the emission of harmful substances)
Adverse affect on the landscape (visual impact, e.g. visual dissection of landscape)
4. Criteria group: System behaviour/system compatibility
Reactive power behaviour (depending on load)
Behaviour in the event of failure (inherent system redundancy)
Impact on the short-circuit level (in the sense of maintaining the short-circuit level
on the node through meshing)
Possible integration with the existing three-phase system (with regard to impedance bridging, impedance, subsequent grid measures)
Thermal time constant (suitability for flexibilisation measures)
Load flow controllability (control/regulation of active power)
Impact on system reliability; ability to dampen electromagnetic vibrations (supporting the grid during normal operation and in the event of failure, controllability,
voltage stability)
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10.2.1.3

Evaluation method

Before technologies are evaluated based on individual criteria, the criteria are compared and
weighted with each other.
Individual evaluation criteria are weighted based on the consideration that they are not of
equal significance or importance. The weighting factors are determined using paired comparison. In this context, each individual criterion is compared to every other criterion and its relative importance in the direct comparison defined. The sum of the individual evaluations produces the weighting for each individual criterion. The direct allocation of criteria weighting
often results in a rather general estimated result.
Figure 10-13:

Schematic illustration of the evaluation method
grouped criteria
evaluation
criteria

evaluation
criteria

evaluation
criteria

evaluation
criteria

evaluation
criteria

weighting

summation on each evaluation criterion,
scaling, comparative representation

technology
alternative

identification of
suitable
technologies

Source: Manufacturer ABB/Siemens

A so-called priority matrix is compiled for the paired comparison. This matrix features the
various criteria on the horizontal and vertical axis of a (n x n) matrix. Each criterion on the
vertical axis is compared to the criteria on the horizontal axis and given a numerical value.
The comparison is based on importance in accordance with the following d10-1efinition:
1: less important
2: equally as important
3: more important
The matrix cells, which are located to the right of and above the diagonal, are then compared
in pairs, i.e. as soon as a cell in a row has been weighted (e.g. 3), its reciprocal countervalue
(here: 1) is written into the corresponding column cell below the diagonal.
The values in the horizontal rows are then added (= row total) and the overall total determined. The relative decimal value is then calculated by dividing the sum for each row by the
overall total, i.e. the row total divided by the overall total equals the criteria weighting.
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The relative weighting of a criteria group (kg in %) is calculated using the following equation:
n

kg

w g, i

Wg
WG

i 1
n

100%

n

i

g

w g, i
g 1 i 1

where:
n
g
Wg
WG

Number of criteria groups
Criteria group number (g=1, 2, … n)
Weighting of a criteria group
Total weighting of all criteria groups. The weighting depends on the number of
criteria groups and evaluations used (S) and can be calculated as follows:
S
n 1
WG n
2

where:
S – sum of paired comparison (in this context always equal to 4, e.g. highest
(3) and lowest (1): 3+1=4)
The importance of the individual criteria is influenced by two factors:
Importance of the respective criteria group in comparison to the other groups
Importance of the criterion in the paired comparison with other criteria within a criteria group.
The technology options can also be evaluated by comparing them using the evaluation criteria
discussed above.
The evaluation for each technology and each individual criterion is based on a scale from 1
(very low) to 10 (very high) for qualitative and from 1 (worst) and 10 (best) for quantitative
criteria using a linear scale. The numerical value of the evaluation is determined by multiplying the scale value with the weighting. The overall evaluation of a criteria group is the sum of
the individual criteria evaluations. This result can then be illustrated in a diagram.

10.2.2

Paired evaluation of criteria groups

Here, all criteria of a group are juxtaposed, compared and evaluated using the above described
procedure.
In a first step, the criteria groups are compared and evaluated within their respective groups
(weighting 1-3). Table 10-10 lists all four criteria groups and the respective values from the
paired evaluation. Figure 10-14 shows the results for all four criteria groups from the specified evaluations.
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Cost-effectiveness

Environmental impact

System behaviour/system
compatibility

Priority matrix for criteria groups

Technical features

Table 10-10:

Technical features

–

1

1

1

Cost-effectiveness

3

–

2

2

Environmental impact

3

2

–

2

System behaviour/system compatibility

3

2

2

–

Source: Own calculations

It is apparent from the table and the above description that primary technical characteristics
are less important than cost-effectiveness. In accordance with this, the blue cell (e.g. technical
features/cost-effectiveness) is given the value 1. This automatically means that the respective
symmetrical cell (in this case cost-effectiveness/technical features) is rated as 3 for “more important" (grey cell). In row 1, column 3, technical features were rated less important than environmental impact, resulting in the value 1. The cell in row 3, column1 is derived accordingly. Only the values in the blue cells are entered; the values in the grey cells are calculated
automatically. The same principle applies to all paired evaluations.
Figure 10-14:

Weighting of criteria groups

Source: Own calculations
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The illustration shows the same importance for the criteria groups of cost-effectiveness, environmental impact and system behaviour/system compatibility. This also conforms to the
stipulations in the Energy Industry Act (EnWG) regarding the economy/environment/supply
reliability triangle. The technical features group is seen as a basic requirement and rated less
important in comparison to the other three criteria groups. The sum of all evaluation results
for all groups is always 100%.

10.2.3

Paired evaluation of individual criteria within a criteria group

In this context, individual paired criteria are compared with each other and evaluated within
the respective criteria groups (with the exception of cost-effectiveness, which is considered to
be one criterion). The weighting principle is the same as for the criteria groups. Explanations
on the various criteria can be found in Section 10.2.4.
10.2.3.1

Criteria group “technical features”

Table 10-11 shows the priority matrix with all seven criteria from the “technical features” criteria group and its paired evaluations. The corresponding results are detailed in Figure 10-15.

Construction time

Availability - supply

Life expectancy

Operational experience

Fault clearance costs

Development potential

Priority matrix for the “technical features" criteria group

Civil engineering

Table 10-11:

Civil engineering

–

3

1

1

1

1

3

Construction time

1

–

1

1

1

1

2

Availability - supply

3

3

–

1

1

1

2

Life expectancy

3

3

3

–

2

2

3

Operational experience

3

3

3

2

–

1

2

Fault clearance costs

3

3

3

2

3

–

3

1

2

2

1

2

1

–

Development potential
Source: Own calculations

Figure 10-15:

Weighting of criteria in the “technical features” criteria group
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Source: Own calculations

Table 10-11 and Figure 10-15 illustrate the evaluations for the most important criteria “Fault
clearance costs”, “Life expectancy” and “Operational experience”. The “Availability/supply”
and “Civil engineering” criteria are judged less important, the “Construction time” criterion as
least important.
“Development potential” was judged less important in this context, as after the start of planning approval procedures, it could only be utilised with regard to the reduction of losses, the
reduction of route width or reduction of construction time, for example, but not to increase
capacity, voltage or power. The latter are approval-specific changes, which inevitably lead to
a new planning approval procedure and thus would significantly extend implementation time.
10.2.3.2

“Cost-effectiveness” criterion

For the “cost-effectiveness” criterion, the investment, loss and operating costs depending on
the task can be assessed together. In addition, other costs are taken into account, which can
arise due to possible delays during the planning and implementation (so-called opportunity
costs). These could be, for example, redispatch costs arising from grid congestion, which cannot be resolved in a timely manner through the construction of necessary transmission systems. The various values for investment, loss, operating and opportunity costs were estimated
for each technology and transmission task and evaluated according to the result based on the
scale from 1 to 10. Thus, cost-effectiveness as a single criterion has the largest weighting factor of approximately 29 (see Figure 10-14) and consequently has a big impact on the overall
result.
10.2.3.3

“Environmental impact” criteria group

Table 10-12 shows the priority matrix for the “environmental impact” criteria group with individual criteria and its paired evaluations. The corresponding results are detailed in Figure
10-16.
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Ecological
impact

Ecological
impact
in the event of failure

Adverse affect on the
landscape

Priority matrix for the “environmental impact” criteria group

Land use

Table 10-12:

Land use

–

1

3

1

Ecological impact

3

–

3

1

Ecological impact in the event of failure

1

1

–

1

Adverse affect on the landscape

3

3

3

–

Source: Own calculations

Figure 10-16:

Weighting of criteria in the “environmental impact” criteria group

Source: Own calculation

With approximately 11%, the adverse affect on the landscape is of greatest importance in this
criteria group, as visibility has the strongest effect on the level of acceptance of a technology
among the population. The “ecological impact” and “land use” criteria are also deemed important.
10.2.3.4

“System behaviour/system compatibility” criteria group

The
priority
matrix
for
the
“system
behaviour/
system compatibility” criteria group with its paired evaluations is shown in Table 10-13. The
corresponding results are presented in Figure 10-17.
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Behaviour in the event of failure

Effects on the short-circuit
level

Possible integration with existing three-phase system

Thermal time constant (suitability
for
flexibilisation
measures)

Load flow controllability

Impact on system reliability;
ability to dampen electromagnetic vibrations

Priority matrix for the “system behaviour/system compatibility”
criteria group
Reactive power behaviour

Table 10-13:

Reactive power behaviour

–

2

2

1

2

2

2

Behaviour in the event of failure

2

–

3

2

2

3

2

Effects on the short-circuit level

2

1

–

1

3

2

2

Possible integration with existing
three-phase system

3

2

3

–

3

3

2

Thermal time constant (suitability
for flexibilisation measures)

2

2

1

1

–

1

1

Load flow controllability

2

1

2

1

3

–

1

2

2

2

2

3

3

–

Impact on system reliability; ability
to dampen electromagnetic vibrations
Source: Own calculations

Figure 10-17:

Weighting of criteria in the “system behaviour/system compatibility” criteria group
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Source: Own calculations

Based on the paired evaluations, the criteria “possible integration with existing three-phase
system”, “behaviour in the event of failure” and “impact on system reliability” are most important in the “system behaviour/system compatibility” criteria group. The “thermal time constant” criterion (suitability for flexibilisation measures) was judged least important. All other
criteria can be considered moderately important.

10.2.4

Evaluation of technologies

After the criteria were weighted, the individual technologies were independently assessed. For
this purpose, every criterion of the different criteria groups is assessed for each technology/transmission task combination on the scale from 1 to 10.
These values are then multiplied with the corresponding weightings and added up. Thus, the
overall sum for a technology can be determined and its evaluation completed. In all descriptions, 1 is a “very bad” grade and 10 “very good”. In each case, the use of the evaluation criteria should depend on the transmission task (capacity and length of transmission route).
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Table 10-14:

No.

Evaluation criteria for the individual technologies in the “technical
features” criteria group
Criterion

1 Civil engineering

Evaluation
Very complex

Unit
Qualitative

(underground engineering, crossing Less complex
of roads, rivers and paths as well as
development and expansion potential,
flexibility of topology)
2 Construction time

Relatively long

Years

Years

(transmission medium, based on cur- 60 years
rent reports)
> 80 years
5 Operational experience

Limited or no experience (< 10
years)

1

1
10

3 Availability
Ongoing capacity shortage must Qualitative
(with regard to supply availability be expected
from manufacturers due to demand
Temporary capacity shortages
and production capacity – forecast
are possible
for 2020)
Sufficient manufacturer capacity available in the long run
< 40 years

Result = value x
weighting

10

(time between start of construction on Relatively short
site and commissioning)

4 Life expectancy

Value Weighting

1

4
0
1
6
10

Years

1

Average level of experience
(10-40 years)

6

Long-term experience (> 40
years)

10

6 Fault clearance costs
Faults can only be repaired at Days/Year
(also based on frequency, repair
great expense and with long retimes and maintenance of emergency pair times or are more frequent
supplies)
Faults can be repaired costeffectively and swiftly or are
rarer
7 Development potentials until 2020 No identifiable development po- Qualitative
(with regard to the advancement of tential
the technology and the price level)
Development potential exists
High development potential towards higher voltage and power
or decreasing prices

1

10

1
6
10

Total
Source: own compilation

The cost-effectiveness of a transmission technology for a transmission task can be determined
by estimating total annual costs. These are the sum of all annual investment, loss, operating
and opportunity costs. Annual costs are calculated using the annuity method.
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Investment costs
Investment costs (including deconstruction costs) relate to the investment costs for a 380 kV
overhead line from publicly available sources (Table 10-15).
Table 10-15:

380 kV OHL
750 kV OHL
380 kV cable
GIL
HVDC cl. OHL
HVDC cl. cable
VSC-HVDC OHL
VSC-HVDC cable

Investment costs for the examined transmission tasks and transmission technologies (in relation to the investment for 380 kV overhead
lines)
1,000MW/100km 1,000MW/400km 4,000MW/100km 4,000MW/400km
1,0
1,0
1,0
1,0
2,5 - 4,0
2,5 - 3,5
2,5 - 3,5
1,2 - 2,0
3,0 - 5,0
3,0 - 5,0
10,0 - 13,0
6,0 - 9,0
3,0 - 5,0
3,0 - 5,0
9,0 - 12,0
5,6 - 7,0
1,7 - 3,5
1,1 - 1,4
4,0 - 6,0
0,8 - 1,4
2,0 - 4,5
1,3 - 2,5
7,0 - 9,0
1,9 - 3,3
1,7 - 3,5
1,1 - 1,4
4,0 - 6,0
0,8 - 1,6
2,0 - 4,0
1,2 - 2,0
7,0 - 9,0
2,4 - 4,0

Source: Manufacturer ABB/Siemens

Operating costs
The operating costs (including retrofitting, breakdown, repair and maintenance costs) have
been taken into account for equipment (switchgear, transformers, power converters) and line
routes (overground or underground). Measures for the extension of service life have not been
taken into account in the calculation of operating costs. Operating costs were prepared in joint
cooperation between system manufacturers and transmission system operators (TSOs) and
confirmed by the TSOs involved. These calculations were based on various sources such as
CIGRE publications etc.
Loss costs
The primary task of the technologies is the transport of high capacities from coastal regions to
the load centres further south. As a consequence, the calculation of losses is based on a typical
wind profile for offshore wind farms. Although this wind profile might vary from year to year
and for different locations, various sources estimate a value between 4,000 and 4,600 full load
hours per year.
A typical annual load curve is illustrated in Figure 10-18.
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Figure 10-18:

Typical annual load curve for offshore wind farms

Source: Manufacturer ABB/Siemens

The losses at all points on the curve would have to be calculated to produce an exact figure.
To estimate the losses, calculations were carried out with a simplified load profile, which only
examined 4 cases: 100%, 70%, 30% and 0% (Figure 10-19). The estimated number of full
load hours was 4,200 h.
Figure 10-19:

Simplified offshore wind load curve with 4,200 full load hours

Source: Manufacturer ABB/Siemens

The annual system losses for all transmission tasks and transmission technologies were calculated using electrical data (resistance, inductance, capacity, compensation, power converter
losses). The annual loss costs are the product of energy loss and price, whereby a price basis
of approximately 60 Euro/MWh was applied in the first year (in this case 2010).
Opportunity costs
So-called opportunity costs take into account possible additional grid costs, which can arise
from delays during the planning and implementation or grid construction. The “costeffectiveness” criterion consequently contains the monetary evaluation of the impact of the
time required until the start of construction.
Opportunity costs strongly depend on the local grid situation and the transmission task of a
specific project. As this study does not examine any specific projects, the opportunity costs
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are set at 0 €. When determining such opportunity costs for specific future projects, the following factors should be included:
Can the possible delay or acceleration time be defined, if different transmission technologies are chosen?
Can possible shortages or reduced shortages (which can also occur in the surrounding
grid) really be assigned solely to the relevant grid construction project?
Can the precise duration and extent of shortages be identified?
Can the level of opportunity costs be established?
Can a consensus be found with the project approval authorities and the Federal Network Agency with regard to the consideration, scope and quality of opportunity
costs?
Annuities – annual expense
The following interest rates were used in the calculations:
The interest rate for investments is 7%. This is a combined rate consisting of the interest rates for own (max. 40%) and borrowed capital (60%).
The price increase for loss energy procurement is 5% per annum [source: Internet publications of loss energy procurement in 2004 – 2008 by system operators and EEX,
Baseload Year Futures, as of 08.12.2009].
An inflation rate of 3% is assumed for operating costs. The average electricity consumer price index for Germany over the past 18 years was 2.89% [source: German
Federal Statistical Office].
The annual costs calculated in this manner are consequently assigned values on a scale from
von 1 (highest costs) to 10 (lowest costs) and evaluated accordingly. It must be noted in this
respect that a technology “A”, which is graded 1 on this evaluation scale, is not ten times
more expensive than technology “B”, which was graded 10.
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Table 10-16:

Evaluation criteria for the individual technologies in the “environmental impact” criteria group

No. Criterion

Evaluation

Unit

1 Land use
High
(with view to land requirement, route
Average
width (also for compliance with
threshold values for electr. and magn. Low
fields), limited use of routes)

Qualitative

2 Ecological impact
(with regard to disturbance of bird
migration, limitations for planting,
risk of soil desiccation)

Qualitative

High

1

10

1

Average

6

Low

10

High

Result = value x
weighting

6

3 Ecological impact in the event of High environmental risk poten- Qualitative
failure
tial
(with regard to threats to the enviLow environmental risk potenronment through emission of subtial
stances that are harmful to the environment)
4 Adverse affect on the landscape
(visual impact, e.g. visual dissection
of landscape)

Value Weighting

Qualitative

1
10

1

Average

6

Low

10
Total

Source: Own compilation
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Table 10-17:

Evaluation criteria for the individual technologies in the “system
behaviour/system compatibility” criteria group

No. Criterion
1 Reactive power behaviour

Evaluation
Large fluctuations

Unit
Qualitative

Value Weighting

Result = value x
weighting

1

(depending on load)
6

Small fluctuations

Reactive power can be regulated
2 Failure behaviour
(inherent system redundancy)

Total loss of transmission capacity

10
% of Pn

Limited continued operation
possible

1

10

3 Influence on the short-circuit level No contribution to short-circuit Qualitative
(in the sense of maintaining the short- power in the region
circuit level on the node by meshing)

1

Contributes to short-circuit
power in the region
10
4 Possible integration into the existing Complex and expensive
three-phase system (with regard to
impedance bridging, impedance, folSimple and inexpensive
low-up actions in the grid)
5 Thermal time constant

Low

Qualitative

10
Hours

(suitability for flexibilisation meas- Average
ures)
High
6 Load flow controllability (control/regulation of active power)

Not possible

1

1
6
10

Qualitative

1

Partly possible

6

Feasible

10

7 Impact on system reliability (support- System is not supported and Qualitative
ing the grid during normal operation stability is at risk
and in case of failure, controllability,
voltage stability)
System is supported and stability is not at risk

1

10

Total

Source: own compilation
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10.2.5

Evaluation of transmission technologies

The method for evaluating the transmission technologies is applied to the following four exemplary transmission tasks. It is only used to validate the methodology and its results:
Transmission capacity: 1,000 MW

Distance: 100 km

Transmission capacity: 1,000 MW

Distance: 400 km

Transmission capacity: 4,000 MW

Distance: 100 km

Transmission capacity: 4,000 MW

Distance: 400 km

The transmission technologies must be dimensioned and designed in accordance with these
transmission tasks. The dimension varies for different tasks and predominantly depends on
the power to be transmitted. Power is crucial for the number of systems used, whilst the
length plays an important role for the examination of safe operation (voltage angle and voltage stability) of three-phase solutions and their configuration. The information in this table
must be taken into account when evaluating the different tasks.
The evaluation for each transmission task is illustrated in respective tables below. A detailed
substantiation can be found in the corresponding tables in Annex A.
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System behaviour/system compatibility Environmental impact

4
10
6
10
10
1
1

Reactive power behaviour

Behaviour in the event of failure

Effects on the short-circuit level

Possible integration with existing
three-phase current system

Thermal time constant (suitability for
flexibilisation measures)

Load flow controllability

Impact on system reliability;
ability to dampen electromagnetic
vibrations

4

Cost-effectiveness

10

1
10

Development potential

Adverse effect on overall appearance
of land

10

Fault clearance costs

Ecological impact in the event of
failure

10

Operational experience

10

10

Service life

Ecological effects

10

Availability - supply

4

10

Construction time

Land consumption

10

Construction method

380 kV overhead
line

1

3

8

7

10

1

6

1

8

10

1

4

4

8

8

10

6

7

6

750/800 kV
overhead line

1

1

3

3

8

6

1

10

4

1

2

2

2

2

1

3

3

2

2

380 kV underground
cable with shunt
compensation

1

1

10

6

10

1

3

10

3

5

4

3

6

2

1

6

1

1

1

Gas-insulated line
(GIL)

10

10

1

1

1

6

3

5

8

10

10

3

6

5

8

5

7

8

3

Classic HVDC +
overhead line

10

8

1

1

1

6

3

10

1

1

7

2

6

1

6

3

4

4

1

Classic HVDC +
cable

10

10

1

3

2

1

10

5

8

10

10

2

10

5

1

4

5

8

5

VSC-HVDC +
overhead line

10

10

1

3

2

1

10

10

4

1

7

1

10

3

3

3

4

6

3

VSC-HVDC +
cable

10.2.5.1

1000 MW - 100 km

Suitable options for the transmission of wind energy power from the North and Baltic Seas to the load centres

Evaluation of the transmission technologies for the 1,000 MW, 100 km task
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System behaviour/system compatibility Environmental impact

4
10
6
10
10
1
1

Reactive power behaviour

Behaviour in the event of failure

Effects on the short-circuit level

Possible integration with existing
three-phase current system

Thermal time constant (suitability for
flexibilisation measures)

Load flow controllability

Impact on system reliability;
ability to dampen electromagnetic
vibrations

4

Cost-effectiveness

10

1
10

Development potential

Adverse effect on overall appearance
of land

10

Fault clearance costs

Ecological impact in the event of
failure

10

Operational experience

10

10

Service life

Ecological effects

10

Availability - supply

4

10

Construction time

Land consumption

10

Construction method

380 kV overhead
line

1

3

8

8

10

1

6

1

8

10

1

4

4

8

8

10

6

7

6

750/800 kV
overhead line

1

1

3

3

8

10

1

10

4

1

2

1

2

2

1

3

2

2

2

380 kV underground
cable with shunt
compensation

1

1

10

6

10

1

3

10

3

5

4

2

6

2

1

6

1

1

1

Gas-insulated line
(GIL)

10

10

1

1

1

10

3

5

8

10

10

9

6

5

8

5

7

8

3

Classic HVDC +
overhead line

10

8

1

1

1

10

3

10

1

1

7

7

6

1

6

3

4

4

1

Classic HVDC +
cable

10

10

1

3

2

1

10

5

8

10

10

8

10

5

1

4

5

8

5

VSC-HVDC +
overhead line

10

10

1

3

2

1

10

10

4

1

7

7

10

3

3

3

4

6

3

VSC-HVDC +
cable

10.2.5.2

1000 MW - 400 km

Suitable options for the transmission of wind energy power from the North and Baltic Seas to the load centres

Evaluation of the transmission technologies for the 1,000 MW, 400 km task
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Technical characteristics

System behaviour/system compatibility Environmental impact

3
4
10
10
10
10
1
1

Reactive power behaviour

Behaviour in the event of failure

Effects on the short-circuit level

Possible integration with existing
three-phase current system

Thermal time constant (suitability for
flexibilisation measures)

Load flow controllability

Impact on system reliability; ability to
dampen electromagnetic vibrations

Cost-effectiveness

Adverse effect on overall appearance
of land

1
10

Development potential

10

10

Fault clearance costs

10

10

Operational experience

Ecological impact in the event of
failure

10

Service life

Ecological effects

10

Availability - supply

4

10

Construction time

Land consumption

10

Construction method

380 kV overhead
line

1

3

8

7

10

1

6

1

8

10

1

9

4

8

8

10

6

7

6

750/800 kV
overhead line

1

1

3

2

8

7

1

10

4

1

2

1

2

2

1

3

1

1

2

380 kV underground
cable with shunt
compensation

1

1

10

6

10

6

3

10

3

5

4

3

6

2

1

6

1

1

1

Gas-insulated
line (GIL)

10

10

1

1

1

6

3

5

8

10

10

10

6

5

8

5

7

8

3

Classic HVDC +
overhead line

10

8

1

1

1

8

3

10

1

1

7

7

6

1

6

3

4

4

1

Classic HVDC +
cable

10

10

1

3

2

6

10

4

8

10

8

8

10

5

1

4

5

8

5

VSC-HVDC +
overhead line

10

10

1

3

2

7

10

10

4

1

7

4

10

3

3

3

4

6

3

VSC-HVDC +
cable

10.2.5.3

4000 MW - 100 km

Suitable options for the transmission of wind energy power from the North and Baltic Seas to the load centres

Evaluation of the transmission technologies for the 4,000 MW, 100 km task
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Technical characteristics

System behaviour/system compatibility Environmental impact

4
10
10
10
10
1
1

Reactive power behaviour

Behaviour in the event of failure

Effects on the short-circuit level

Possible integration with existing
three-phase current system

Thermal time constant (suitability for
flexibilisation measures)

Load flow controllability

Impact on system reliability;
ability to dampen electromagnetic
vibrations

3

Cost-effectiveness

Adverse effect on overall appearance
of land

1
10

Development potential

10

10

Fault clearance costs

10

10

Operational experience

Ecological impact in the event of
failure

10

Service life

Ecological effects

10

Availability - supply

4

10

Construction time

Land consumption

10

Construction method

380 kV overhead
line

1

3

8

7

10

1

6

1

8

10

1

9

4

8

8

10

6

7

6

750/800 kV
overhead line

1

1

3

2

8

7

1

10

4

1

2

1

2

2

1

3

1

1

2

380 kV underground
cable with shunt
compensation

1

1

10

6

10

6

3

10

3

5

4

3

6

2

1

6

1

1

1

Gas-insulated line
(GIL)

10

10

1

1

1

6

3

5

8

10

10

10

6

5

8

5

7

8

3

Classic HVDC +
overhead line

10

8

1

1

1

8

3

10

1

1

7

7

6

1

6

3

4

4

1

Classic HVDC +
cable

10

10

1

3

2

6

10

4

8

10

8

8

10

5

1

4

5

8

5

VSC-HVDC +
overhead line
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10

1

3

2

7

10

10

4

1

7

4

10

3

3

3

4

6

3

VSC-HVDC +
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10.2.5.4

4000 MW - 400 km

Suitable options for the transmission of wind energy power from the North and Baltic Seas to the load centres

Evaluation of the transmission technologies for the 4,000 MW, 400 km task
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10.2.6
10.2.6.1

Results of the evaluation of the transmission tasks

Interpretation of evaluation

The results, which were determined on the basis of weighting factors for the various criteria
and of evaluations of the transmission technologies, are multiplied. These values are then
added up and their sum calculated for all transmission technologies. The more points a technology achieves, the more suitable it is for the specified task compared to lower ranking solutions.
The results (structured according to criteria groups) for all four tasks are illustrated in the four
bar charts below and visualised in the four grid diagrams.
Figure 10-20:

Result of technology evaluations for 1,000 MW, 100 km task

Source: Own calculations
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Figure 10-21:

Display of technology evaluations for 1,000 MW, 100 km task

Source: Own calculations

Figure 10-22:

Result of technology evaluations for 1,000 MW, 400 km task

Source: Own calculations
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Figure 10-23:

Display of technology evaluations for 1,000 MW, 400 km task

Source: Own calculations

Figure 10-24:

Result of technology evaluations for 4000 MW, 100 km task

Quelle: Eigene Berechnungen
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Figure 10-25:

Display of technology evaluations for 4000 MW, 100 km task

Quelle: Eigene Berechnungen

Figure 10-26:

Result of technology evaluations for 4000 MW, 400 km task
Aufgabe 4000 MW, 400 km

800

Systemverhalten/Systemkompatibilität
700

Umwelteinwirkung
193 ,8

Wirtschaftlichkeit

136,1

Technische Eigenschaften

600

177,8

14 2,4

Bewertung

500

178 ,7

2 29,8

138,9
18 2,6

131,3

400

206,7

148,3
16 4,1

300
29 1,7

175,1

96 ,2
262 ,5

18 7,2

200

29 1,7
2 33,3
20 4,2

144,7

116,7

100
87,5
112,9

9 2,1

0
380kV FL

750kV FL

73,5

29 ,2
22 ,6

3 3,6

380kV Kabel

GIL

HGÜ kl. FL

4 2,4

HGÜ kl. Kabel

61,6

51,6

VSC FL

VSC Kabel

Quelle: Eigene Berechnungen
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Figure 10-27:

Display of technology evaluations for 4000 MW, 400 km task
Aufgabe 4000MW - 400km

380kV FL
800,0
VSC Kabel

600,0

750kV FL

400,0
200,0
VSC FL

380kV Kabel

0,0

HGÜ kl. Kabel

GIL

HGÜ kl. FL

Source: Own calculations

10.2.6.2

Ranking

The resulting points distribution provides a ranking per transmission task for each transmission technology, showing how suitable a technology is for a particular task.
The results showed that the technologies with an overhead line are the solutions with the best
ranking for the selected transmission tasks. This shows that these technologies represent a
suitable solution.
The 380 kV overhead line achieved the best result, particularly for lower transmission power
requirements (1,000 MW) and shorter distances (100 km). In many cases, several transmission technologies proved to be almost equivalent for the other transmission tasks. Here it must
be noted that the evaluation ignores various boundary conditions that can only be examined in
the evaluation in actual projects with exact knowledge of the corridor routing. A significantly
different weighting of individual criteria may put the technologies in a different order. However, other boundary conditions can also be decisive for a technology, such as incorporating
the offshore wind farm connections with DC technology in an existing onshore DC network.
A re-evaluation with an overall view of transmission and the surrounding system is therefore
strictly necessary for each individual project.
10.2.6.3

Sensitivity analysis of the economic efficiency calculations

A sensitivity analysis was carried out in the economic efficiency calculations that takes into
consideration the dependence of the end results or the ranking of the transmission technologies on the following input parameters:
Energy loss price (costs vary between 40, 60 and 80 €/MWh)
Annual price increase of energy loss procurement (between 2.5% and 5%)
Annual operating cost inflation rate (between 1.75% and 3%)
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Several combinations of input data variations were calculated and compared with the reference case. The sensitivity analysis only shows minor fluctuations in the results. It can therefore be concluded that even with major input data changes, the resulting ranking of the transmission tasks is extremely robust, and the consistency of the matrix is retained.

10.2.7

Summary

The objective was to identify suitable technologies for transmitting wind energy overland
from the North Sea and the Baltic Sea to the load centres. A methodology was chosen and further developed, which had already proven itself in evaluating the condition of operating
equipment.
Evaluation criteria that had been specially tailored to the task in hand were developed. These
are made accessible using a numeric scale of 1 (extremely bad) to 10 (extremely good). The
evaluation criteria are also weighted. The result of the evaluation results from the product of
the scale value and the weighting. The individual evaluation criteria are assigned to four different criteria groups. The evaluation for a criteria group results from the sum total of the individual criteria evaluations. The overall result and therefore the required technology ranking
result from the sum total of the evaluations for the criteria groups, whereby the criteria groups
are also weighted.
With the aid of this evaluation method, the suitability of different technologies for solving
various transmission tasks was examined on the basis of exemplary, typical transfer tasks
and the method that was developed was tested and verified. The technologies with overhead
lines proved to be the most suitable solutions for all transmission tasks. The 380 kV AC overhead line achieved the best result by far, particularly for lower transmission power requirements (1,000 MW) and shorter distances (100 km). In many cases, several transmission technologies proved to be almost equivalent for the other transmission tasks. The HVDC solutions
can be assumed to have benefits, particularly at distances of >400 km or even higher capacities.
However, determining the weighting of criteria and criteria groups and evaluating the individual criteria are dependent on factors that can differ from project to project. This means that results obtained for a certain project cannot always be generalised, but the method can be used
on different projects, which then have to be evaluated on a project-specific basis. However, it
must be emphasised that no specific projects were examined in this study, i.e. the method
can only be used outside the previously specified scope of the dena II grid study when dimensioning a specific grid.
Finally it must be pointed out that the technology rankings that are introduced for the various
transmission tasks can look different with overproportional weighting of individual criteria
groups. Examples of this would be only examining the economic efficiency or the effects of
the environment. There were no major fluctuations in the results of the sensitivity analysis on
economic efficiency parameters (small changes to ranking, or even none at all), and the matrix was extremely robust and consistent.
The sensitivity of other evaluations and weightings was checked to see whether an evaluation
scale of 3 to 7 rather than 1 to 10 had been used for individual criteria (which is the equivalent
of a weighting reduction). Here too the results proved to be robust.
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11
11.1

Updating the connection plan for offshore wind
farms
Updating the offshore connecting plan

The plan in part I has been updated for the shore delivery of the energy generated by offshore
wind farms in the North Sea and the Baltic Sea where necessary with regard to:
i. Shore delivery points
ii. Connecting technology
iii. Connecting topology
iv. System behaviour
The connecting technology has been extended with regard to HVDC and VSC technology.
Aspects of system reliability in the transmission grid have been examined with regard to the
connecting plans and the transmission channel requirements. In agreement with the European
and national regulations, cross-border trade, guaranteeing system reliability in accordance
with the ENTSO-E operating manual, the EU SoS (Security of Supply) directive that is in
preparation, and above all the new EnWG (Section 1 and Sections 12 to 14, among others),
the following principles must be assumed (list not necessarily complete):
•
Basic priority of renewable energy sources, balance between generation and consumption without having a detrimental effect on consumption,
•
Provision of an appropriate level of balancing and reserve power.
•
Generation is only subject to market-oriented competition, whereby minimum technical regulations must be adhered to for the connection and operation thereof.
•
The system management requirements, including, in particular, adherence to the (n-1)
criterion, result from the obligations that apply to the transmission system operators in
accordance with Section 49 and Sections 11-14 of the EnWG and from the transferred
system responsibility. This also corresponds to the requirements of the ENTSO-E operating manual, the transmission code and the legally prescribed and published grid
connection and usage regulations for the transmission system operators.

11.2

Technology description

11.2.1

Introduction

This section describes technologies for transmitting energy that is generated by offshore wind
farms to the mainland. The technologies that are described for submarine transmission serve
as an update of the technical solutions described in the dena I study.
The following technologies should be examined in more detail:
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1. Classical HVDC transmission using submarine cable
2. HVDC transmission with VSC technology and submarine cable
3. Gas-insulated line (GIL)
4. Three-phase cable

11.2.2

Overview from DENA I

Transmission technologies for connecting offshore wind farms have already been examined in
the DENA I study. Offshore and onshore cables and/or three-phase overhead lines or GIL
were analysed and described in this study. A brief overview of the results will be provided,
since this part of the DENA II study constitutes an update of the results of DENA I and incorporates new knowledge of the further development of the technology.
Assumed transmission capacity of three-wire three-phase AC submarine cables (per circuit):
Nominal voltage 150 kV up to cross-section of 1,200 mm2 approx. 935 A approx. 240
MVA
Nominal voltage 220 kV up to cross-section of 800 mm2 approx. 820 A approx. 310
MVA
Assumed transmission capacity of gas-insulated line systems (GIL) (per circuit):
Nominal voltage 380 kV 600/583 dSheath 3,850 A 2,667 MVA 200/188 dLine
The transmission capacity of a system with VSC-HVDC technology was assumed to be 250
or 350 MW depending on the manufacturer.
The development of the transmission technologies has, in some cases, progressed considerably compared to the previous results. For this reason, a description of the current state of the
transmission technologies for connecting offshore wind farms and the development potential
for the next 5-10 years is explained below.

11.2.3
11.2.3.1

Classical HVDC transmission using submarine cable

Introduction and short description

Classical high voltage DC transmission (HVDC) is a technology for transmitting electrical
power that was developed in the 1950s. This technology is mainly used for extremely high
electrical power transmission over long distances, e.g. in China or India. There are also several existing connections and ongoing projects in which HVDC technology is being successfully used in Europe, particularly for submarine cable connections.
The HVDC transmits the power by converting the three-phase AC into DC. This is done using
electronic semiconductor valves (thyristors). Limiting factors such as inductances and capacities with three-phase lines and particularly with three-phase (submarine) cables can be circumvented by transmitting DC current. The power losses in the DC cables are less in comparison to the losses in three-phase submarine cables.
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The ignition timing of the thyristor valves that are used can be controlled in order to regulate
the HVDC. The active power that is transmitted can be quickly controlled in this way. The
time when each valve switches off is determined by the surrounding grid and cannot be influenced.
A disadvantage of this technology is that the power converter circuit is line-commutated, i.e.
it is dependent upon an existing relatively powerful three-phase grid, and approx. 50 - 60 % of
the rated power is needed for inductive reactive power in each converter station at approx. full
load. For this reason, compensation systems are needed for reactive power compensation,
which consist of harmonic filters and often other capacitors in the magnitude of approx. 50%
of the rated power of the HVDC at the connecting node of the power converter. This requires
a considerable amount of space, which represents a major cost factor, particularly on an offshore platform.
The HVDC also generates harmonic currents, the amplitude of which varies depending on the
power that being transmitted and the operating point of the HVDC. In order to avoid interference with other consumers in the grid and adhere to the prescribed limits, harmonic filters are
normally used at both power converter stations. These also require a considerable amount of
room.
Fig. 1 shows an example of the reactive power requirement of a converter station (red), the
provided reactive power of the compensation systems (black) and the resulting overall reactive power output of the system (blue). A positive value indicates that the power converters
are taking in reactive power.
Figure 11-1:

Reactive power intake of a classical HVDC in dependence on the
transmission power

Source: Manufacturer

11.2.3.2

Design

The basic design of a classical HVDC for connecting an offshore wind farm is shown in Figure 11-2.
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Figure 11-2:

Schematic diagram of an offshore wind farm connection using classical HVDC technology
Conventional
HVDC technology

Point of
Interconnection

Onshore

G

G

G

G

G

Sea
Feeder 1
Feeder 2

Wind farm

Feeder 3

Feeder 4

Offshore platform
HVDC transmission

Source: Manufacturer

Power converter design:
The power produced by the wind energy systems is transmitted to the offshore platform via a
submarine cable via the electrical grid of the offshore wind farm. Here the power is transmitted to the rectifier via special power converter transformers. The rectifier converts the AC
voltage into DC voltage.
The rectifier and inverter stations consist of two poles with different polarity. Both poles consist of two B6 bridges connected in series in the rectifier and converter stations, which are
connected via smoothing inductances and a DC submarine cable. Power transmission can currently take place up to a voltage level of +/-500 kV.
At the PCC, the DC current is first converted back into three-phase by an inverter, and then
fed into the grid via other power converter transformers.
The power converter bridges of both poles are connected in parallel to the busbar at the threephase side via a three-phase star/star or star/delta transformer. This means that two threephase voltages with a phase shift of 30° are present at the 6-pulse bridge inputs, and twelvepulse operation is achieved.
Figure 11-3 shows the detailed design of the HVDC with individual thyristor valves and the
components at the DC side [Müller 2003]. The basic HVDC parameters are also displayed,
such as the three-phase voltage at the two connecting nodes of the rectifier and inverter U GR
and UWR, and the direct current Id and direct voltages on the transmission route Ud,GR and
Ud,WR.
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Figure 11-3:

Detailed depiction of the topology of a classical HVDC

Source: Manufacturer

Direct current cable:
The direct current cables that are used onshore and offshore are mass-impregnated (MI) cables. XLPE cables cannot be used with classical HVDC because of technical problems due to
physical processes during voltage reversal in the event of a power flow direction change.
HVDC systems with capacities of up to 1,700 MW (+/-500 kV) are now available for the use
of submarine cables. The MI submarine cable for the NorNed connection (NorwayNetherlands) is shown in Figure 11-4.
Figure 11-4:

NorNed HVDC MI submarine cable

Source: ABB

The two conductors (each copper 790 mm2) are bound together in order to make submarine
laying easier. The weight of the cable is 84 kg/m. Depending on the application (land/sea), the
capacity, the conductor material (copper/aluminium) and the insulation, cable cross-sections
up to more than 2,000 mm2 are available.
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Reactive power and harmonics:
Each power converter needs reactive power of the magnitude of 50 - 60 % of the rated power
in order to operate at full load [Müller 2003]. The HVDC also generates harmonic currents
that are fed into the connected grid.
Harmonic filters have to be connected to the characteristic harmonics at both power converter
busbars in order to minimise the amount of influence on other consumers. These filters and
additional switchable capacitor banks or other reactive power compensation systems must
also compensate for approx. 50 % of the rated power at the connecting node of the HVDC per
power converter. The capacitors and filters are enabled and disabled depending on the reactive power requirement of the current converters,
Coupling with the existing transmission grid on land must take into consideration the transmission technology design that is needed in order to have reliable grid operation. In connection with this, FACTS75 solutions such as STATCOMs76 may provide additional control
characteristics that are needed that classic HVDC technology does not provide.
Stable operation of the HVDC rectifier on the offshore platform is also a challenge. This is
only connected to the wind farm grid, which cannot actively control the voltage and can only
provide reactive power to a limited extent. Furthermore, a stable three-phase grid with short
circuit power that is 2-3 times greater than the HVDC rated power is required to operate the
HVDC. For use in offshore wind farms, this means installing generators in phase shifting operation for providing the short circuit power offshore. These can also provide the majority of
the necessary reactive power of the power converters.
The magnitude of the necessary phase shifting rated power is approx. 50-60% of the installed
HVDC rated power. This means that with transmission of 500MW (250MW per pole of the
HVDC), for example, short circuit power of 2-3 times the rated power must be provided. A
generator can supply about 4-5 times its rated power as short circuit power in the event of a
short circuit. Two generators, each with power of 125 to 150MVA, are needed as phase shifters in this example.
Another possibility is to provide short circuit power using a three-phase cable from land to
sea instead of phase shifters, which is then operated parallel to the HVDC. However, this solution is extremely expensive and will not be examined any further.
Figure 11-5 shows the design of an HVDC transmission system and its individual components.

75 FACTS flexible alternating current transmission systems
76 STATCOM: static synchronous compensator
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Figure 11-5:

Design of an offshore wind farm connection using classical HVDC
technology
Sea

Land

Inverter
Wind farm

Point of
Interconnection

W
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Synchr
. condenser

sea-/land cable

Offshore platform
Source: Manufacturer

Space requirements:
The space requirement on the offshore platform is a major cost factor, and attention must be
paid to minimising the footprint and the height when the transmission is being designed.
As well as the high valve building, the power converter transformers and the high voltage and
medium voltage substations, harmonic filters and phase shifters also have to be installed on
the offshore platform. This means that a considerable amount of space is required.
Figure 11-6 shows a schematic diagram of a platform for a 250MW system with a 150kV
three-phase substation and a 250kV HVDC. In this case, the platform must provide additional
space for the valve hall with transformers, filters, phase shifters etc. The size of the platform
is approx. 80x40m with a height of approx. 20m. The space requirement and the height
change cubically depending on the capacity, and particularly the AC and DC voltage level.
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Figure 11-6:

Example of design of an offshore platform with HVDC converter
for transmitting 250MW

Source: Siemens AG

11.2.3.3

Control

The type of control depends on the intended purpose, and safeguards the required operating
behaviour of the system. The control is adapted to the tasks that must be performed by the
HVDC.
The firing angles of the power converter valves and the tap changers of the power converter
transformers are available as parameters for controlling the HVDC. The direct current, the direct voltage and the extinction angle can be quickly controlled via the firing angle. Basically,
the rectifier is controlled to a constant current during uninterrupted operation. The firing angle
can be calculated from the output of the controller. The direct current target value is calculated via the specified HVDC control method in the inverter control. When wind farms are being connected, the rectifier controls the frequency in the wind farm to a constant value. The
system therefore transmits all power generated by the wind farm.
The inverter is controlled to the minimum extinction angle value. A value is specified for the
direct current in this way, and the reactive power intake of the power converter is minimised.
The extinction angle target value is normally defined at 18° in order to give the valves sufficient time for the depletion layer to become enabled [Müller 2003].
Starting up the HVDC:
A classical HVDC cannot be started up from a connecting node, but each converter station
must always be started up from the connected grid independently from each other. Then
power transmission can start.
The offshore-side power converter therefore requires a voltage with which it can be started
up. This can be provided by a diesel generator on the offshore platform, or an HVAC cable
that is routed in parallel to the HVDC cable.
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Partial load operation:
In order to ensure that operation is stable, the transmission power can be varied from a minimum power to the rated power. This minimum transmission power is normally between 5 and
10% of the rated power. If the minimum power is undershot, the HVDC is taken out of service, since commutation failures would otherwise occur in the power converter valves. This is
a disadvantage for the offshore wind farm connection, since no power can be transferred at
slower wind speeds.
11.2.3.4

Development potential

The following developments can be realistically expected by 2020:
Transmission capacity of 2,040 MW per system (DC voltage of +/-600 kV).
The power converter losses per converter are 0.7 %. Because the losses are lower during DC transmission, the losses for longer transmission distances and higher transmission capacities are less than with comparable three-phase transmission. The future development for reducing the losses is on the low side with classical HVDC.
Table 11-1 shows the development options for 2015 and 2020 compared to the current situation. The specified minimum distances have been realised in projects and also represent the
planning basis for other systems. The distance between submarine cable systems is up to 200
m. Differences resulting from the approval process are possible.
Table 11-1:
Values per Circuit
HVDC, conventional

Overview of status and development possibilities of classical HVDC
technology for connecting offshore wind farms
Parameter

Unit

Year of commisioning
Un (+/-)
In
Pmax
min. distance between circuits
Required space offshore
Converter losses
Q consumption
Multi-Terminal operation
black start capability
Max. distance
Min. SC power

kV
A
MW
m
--..++
% Pn
% Pn
yes/no
yes/no
km
SCR

2010
2015
2020
cable (MI)
cable (MI)
cable (MI)
2015
2020
2025
500
600
600
1700
1700
1700
1700
2040
2040
50-200*
50-200*
50-200*
0.7
0.7
0.7
45
45
45
yes
yes
yes
no
no
no
2.5
2.5
2.5

* depending on regulations and depth of cable

Source: Manufacturer
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11.2.3.5

Completed projects

Biggest projects with classical HVDC technology and submarine cable:
1. BritNed (GB – Holland), capacity 1,000 MW, DC voltage ±450 kV, distance 250km,
planned start-up 2010.
2. SAPEI (Sardinia – Italy), capacity 1,000 MW, DC voltage ±500 kV, distance 420 km,
planned start-up 2010.
3. NorNed (Norway – Holland), capacity 700 MW, DC voltage ±450 kV, distance 580
km, start-up 2008.
4. Basslink (Australia – Tasmania), capacity 500 MW, DC voltage ±400 kV, distance
300 km, start-up 2006.
5. Moyle (Northern Ireland – Scotland), capacity 500 MW, DC voltage ±250 kV, distance 64 km, start-up 2001.
6. Baltic Cable (Germany – Sweden), capacity 600 MW, DC voltage ±450 kV, distance
250 km, start-up 1994.
11.2.3.6

Factors restricting implementation

Bottlenecks may occur in the manufacture of mass-impregnated extra high voltage submarine
cable for offshore use of classical HVDC, since it can only be produced by a handful of
manufacturers around the world. The construction of large offshore stations (particularly for
extremely large capacity ranges) can also be extremely time-consuming. MI submarine cables
can only be laid using three special ships at present. Compared to other transmission technologies, a longer overall implementation time can be expected because of platform erection
and cable laying. The implementation period for a classic HVDC submarine connection is
approx. 36 to 48 months.

11.2.4
11.2.4.1

HVDC transmission with VSC technology

Introduction and short description

HVDC with "Voltage Source Converter" (VSC) technology is a technology for transmitting
DC voltage that uses VSC converters with an intermediate voltage circuit. Unlike classic
HVDC, HVDC with VSC technology uses valves that can be shut off (Insulated Gate Bipolar
Transistors - IGBT) instead of thyristors. These have the capability of being switched on and
off extremely quickly.
This means that not just the active power but also the reactive power intake and output can be
controlled independently of each other. VSC HVDC is not dependent on an external threephase grid (line-commutated like classic HVDC), but also makes it possible to operate threephase systems with little short circuit power and even connect islanded systems without rotating synchronous machines (self-commutated). Even system restoration is possible using this
transmission technology (black start capability).
This is particularly important for offshore wind farms, since the platform also has to be supplied with voltage without WTs on the grid, and the available double-fed induction generators
(DFIG) or full converter machines do not provide any significant short circuit power.
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The possibility of fast reactive power control is particularly important with a fluctuating feed
(e.g. from wind farms) for providing reliable grid operation and high voltage quality. The implementation of design-related control concepts for coupling to the existing transmission grid
onshore must be realised using a VSC-HVDC connection involving less technical complexity.
Since the VSC-HVDC cable consists of XLPE, it is extremely strong and durable. Because of
these properties, VSC-HVDC cables can be laid under the most difficult of conditions.
VSC-HVDC can therefore connect an offshore wind farm to the grid with a simplified design
compared to classic HVDC, and without the need for additional components.
Transmission capacities of up to 1,100 MW with DC voltages of up to +/- 320 kV will be
achievable in 2011. The power converter losses are approx. 1.5% per converter station.
11.2.4.2

Design:

The basic design of a VSC-HVDC is shown in Figure 11-7.
Figure 11-7:

Schematic diagram of an offshore wind farm connection using
VSC-HVDC technology

Source: Manufacturer

Power converter design:
The basic equivalent circuit diagram of VSC-HVDC technology is shown in Figure 11-8. The
AC voltage is converted into DC voltage in the rectifier using transistor valves. The transistors (IGBTs) can be switched on and off via a control signal with a frequency in the kilohertz
range. Because of the fact that the IGBTs are switched on and off under control, the amount
and phase of the output voltages can be controlled independently of the grid voltage.
Similarly to classic HVDC, the direct voltage intermediate circuit has two poles, which are
operated with opposing voltages. Large DC capacitors in both power converter stations
smoothe the DC voltage and also serve as energy stores and energy buffers between the rectifier and the inverter. The inverter converts the DC voltage back into an AC voltage, for which
the amount and phase can be specified by the control.
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Figure 11-8: Single-phase equivalent circuit diagram of a VSC-HVDC converter

Source: ABB

Unlike classic HVDC, the two poles of VSC-HVDC cannot operate independently of each
other, i.e. both poles must be in operation and have an identical operating point.
The design of the power converter can differ. The following are now commonplace:
Two-level converters
Three-level converters
Multi-level converters (Modular Multilevel Converters or MMC's)
Figure 11-9 shows the design of the three options and the resulting voltage type of the generated AC voltage.

Figure 11-9: Possible VSC-HVDC converter design scenarios

Source: Siemens
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Direct current cable:
Environmentally friendly oil and lead free polymer-based direct current cables (XLPE cables)
are used for the direct current circuit, making cable laying relatively simple and cost-effective
with fewer fittings. Since the VSC-HVDC cable consists of XLPE, it is extremely strong and
durable. Because of these properties, VSC-HVDC cables can be laid under difficult conditions. Because the cable is extruded, VSC-HVDC is now also economical for use on land under certain boundary conditions.
Compared to paper-insulated cables, XLPE cables have the following advantages:
XLPE cables are oil-free - and therefore easier to approve.
XLPE cables are much lighter.
XLPE cables are flexible and therefore easier to install.
Prefabricated fittings are available for XLPE cables.
Typical XLPE-HVDC offshore and onshore cables are shown in Figure 11-10. The weight per
metre of a XLPE three-phase cable and a XLPE direct current cable is shown in Figure 11-11,
depending on the power to be transmitted.
Figure 11-10:

Cross-section of a XLPE cable (Cu offshore cable on left, Al onshore cable on right)

Source: ABB

Figure 11-11:

Weight comparison between XLPE three-phase cable and XLPE
direct current cable in dependence on capacity
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The illustration above shows that the weight of the XLPE HVDC cable is less than half that of
a XLPE three-phase cable for the same capacity.
The connection of an offshore wind farm using a VSC-HVDC is depicted schematically in
Figure 11-12.
Figure 11-12:

Schematic grid connection of an offshore wind farm connection using VSC-HVDC

Source: ABB

Reactive power:
The P/Q operating diagram for VSC-HVDC is shown in Figure 11-13. Each point inside the
area shown with a border can be chosen as the operating point. The operating diagram is similar to that of a synchronous machine, whereby, however, the power flow direction can be
freely chosen and VSC-HVDC can move to the operating points almost without delay because of its fast control.
The transmission of extremely small levels of active power and power flow reversal can be
realised quickly, since only the current flow has to be changed, not the DC polarity as is the
case with classic HVDC technology.
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Figure 11-13:

Typical
P/Q diagram of a VSC-HVDC power converter
M6 version 1, 150kV, 6-sub, EON on-shore station
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The operating diagram that is shown is essentially limited by two factors. The first factor is
the maximum current-carrying capacity of the IGBTs, which leads to circular limitations. The
second limit is determined by the maximum DC intermediate circuit voltage, which mainly
limits the reactive power. The provision of reactive power by the converter depends on the
difference between the AC voltage at the converter and the grid voltage. If there is a high
level of grid voltage, little reactive power can be output. However, this is not needed.
Unlike classic HVDC, an AC voltage type that has significantly fewer harmonics can be
achieved because of the rapid IGBT actuation. For this reason, the harmonic filter can be
smaller than in classic HVDC. Depending on the technology and the transmission task of
VSC-HVDC, it may even be possible to dispense with harmonic filters altogether. This makes
it possible to use lower-cost standard transformers than with classical technology.

216

Updating the connection plan for offshore wind farms

Space requirements:
As already mentioned above, the space requirement on the offshore platform is a major cost
factor. Compact designs and a small number of components are therefore important when the
transmission system is being designed in order to keep the surface area and height to a minimum.
As well as the power converters, the transformers and the substations, small harmonic filters
or no filters at all need to be installed on the offshore platform, depending on the technology.
The compactness of VSC-HVDC because of its design and the low filter cost are also beneficial for offshore applications. Because of the modular design, operation that is more economical and optimised is achieved, even with step-by-step installation phases. This reduces the
space requirement considerably in comparison to classic HVDC.
For example, the size of a 1,000 MW offshore station is approx. 80x40m with a height of
approx. 35m and weight of approx. 2,000 tons. The corresponding 1,000 MW onshore station
is 120x60m in size and 25m high. The space requirement for AC substations and the weight
of auxiliary systems (e.g. cooling system) have not been taken into consideration for the offshore station. The total weight of the offshore platform can be approx. 5,000-7,000 tons in
this case (platform itself, AC and DC systems etc.).
The space requirement of the onshore converter stations must also be considered. Compared
with classic HVDC, the area that is required for a converter station with the same capacity is
reduced by approx. 40%.
Laying:
Figure 11-14 and Figure 11-15 show details of the offshore and onshore laying of a XLPE cable, which connects the BorWin1 wind farm to a feeding point on the mainland using VSCHVDC technology (400 MW, +/-150 kV, 203 km).
Figure 11-14:

The laying of the VSC-HVDC XLPE land cable

Source: ABB
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Figure 11-15:

Offshore platform and the laying of the VSC-HVDC XLPE submarine cable

Source: ABB

With the VSC-HVDC submarine connection, two cables are mechanically connected (positive
and negative poles) and laid in the sea bed. This is done using a so-called trencher, which can
bury the cable up to 1.8 metres deep – see Figure 11-15.
11.2.4.3

Control

Fast control of the reactive power is particularly necessary with a fluctuating feed (e.g. from
wind farms) in order to provide reliable grid operation and high voltage quality. The control
of the HVDC is also in a position to set a defined operating point in the event of operational
changes or faults in the transmission system. The wind farm is not disconnected from the grid.
System services can also be taken over.
Another advantage of VSC-HVDC is islanded system operation of the offshore grid. Only
VSC converters are in a position to have a grid-forming effect. This means that the wind farm
can be started up without an additional energy source if there is an existing three-phase grid
(loaded DC circuit). By contrast, classical HVDC always requires the transmission of a minimum capacity or minimum current.
VSC-HVDC can also be operated in reactive power mode only. This is needed to start up a
wind farm. Depending on the configuration of the offshore system, vibration can be damped
because of the fast control reaction.
The setpoint for the reference voltage U2 of the filter node is determined with the aid of the
voltage difference that would result from a specified active and reactive power setpoint via
the series reactance, see Figure 11-16. The reference value is a complex parameter consisting
of amplitude and phase relation. The IGBT ignition times which are sent to the converter are
determined from the reference voltage. The control of VSC-HVDC is usually equipped with
the same control functions in both converters.
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Figure 11-16:

Schematic diagram of VSC-HVDC control
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Source: Manufacturer

As can be seen in
Figure 11-17, the active and reactive power of the power converter at the wind farm side is
dependent on voltage Uw, its angle w, impedance X1 (low and medium-voltage cables,
transformers, wind generators) and the voltage of the converter (voltage U1 and angle 1).
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The DC power that is transmitted can be calculated as the product of the DC current (Id) and
the DC voltage (Ud):
Pd

Id Ud

(3)
The active and reactive power of the power converter at the grid side depend on the grid voltage (amount US and angle S), impedance X2 (cable, transformer, grid) and the voltage of the
converter (voltage U2 and angle 2):
PS

QS

U2 US
sin
X2
U 22
X2

2

U2 US
cos
X2

S

(4)
2

S

(5)

In other words, the active and reactive power flow must be controlled using the relevant control of the voltage (amount and angle). This results in two independently controllable variables for each converter. One of the converters is responsible for controlling the active power,
and the other is responsible for controlling the direct current. The operating mode defines
whether the converter controls the direct voltage or the active power. The reference values of
the individual operating modes can be specified manually or via a higher-order automatic control system, e.g. by a frequency control system. The controllers that are needed are activated
and deactivated automatically depending on the operating mode.
The provision of reactive power by the two converters can be controlled separately. The operating mode governs whether the reactive power or the voltage is controlled. The control setpoints are activated in accordance with the operating modes.
The control of the VSC-HVDC power converters at the grid and wind farm sides is shown in
the following two figures.
Figure 11-18:

Control of VSC-HVDC power converter at the grid side

Source: Manufacturer
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Figure 11-19:

Control of VSC-HVDC power converter at the wind farm side

Source: Manufacturer

Figure 11-18 and Figure 11-19 show that the controlled variables at the grid side with the
wind farm connection are the reactive power and the DC voltage. At the wind farm side the
three-phase power side voltage is controlled, and the frequency in the wind farm is controlled
via the active power. Other controllers such as controllers for improving the voltage quality at
the PCC can be incorporated if required. The active power does not have to be controlled at
the offshore side for connecting offshore wind farms, since all active power is fed into the
transmission grid.
Annex A contains the simulation results for connecting an offshore wind farm with VSCHVDC, showing the influence on grid behaviour for different operating and fault cases. The
equivalent circuit is shown in
Figure 11-17. It is an offshore wind farm with 1,000 MW of installed capacity, which is
approx. 90 km from the 380 kV connecting point. Measurements from completed projects
confirm fast and good controllability and the grid-supporting effect of the VSC-HVDC.
11.2.4.4

Development potential

The development of VSC-HVDC technology with regard to the maximum operating voltage
and maximum transferable power is shown in Figure 11-20.
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Figure 11-20:

Development of VSC-HVDC technology.
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This development is mainly attributable to the further development of the XLPE cable, particularly the dielectric strength thereof – see Figure 11-21.
Figure 11-21:

Development of the XLPE-HVDC cable since 1997
2009
up to 3000 mm2 Al
+/- 320 kV, 600-1200 MW

2007
NordE.ON 1, 150 km
2300 mm2 Al
+/- 150 kV, 400 MW

1997
Hellsjön
Prototype cable
95 mm2 Al
+/- 10 kV, 3 MW

2000
Directlink, 390 km
630 mm2 Al
+/- 80 kV, 60 MW

2001
Murraylink, 360 km
1400 mm2 Al
+/- 150 kV, 220 MW

2004
Estlink, 200 km
2000 mm2 Al
+/- 150 kV, 350 MW

Source: ABB

Because of this rapid VSC-HVDC development (Figure 11-20 and Figure 11-21) the following information about the development potential of this technology can be considered to be on
the conservative / assured side:
XLPE cables will also be available for voltages of +/- 500 kV. This means that transmission capacity of 1,700 MW per system can be also expected for XLPE cable.
The converter losses will drop to no more than 1% per converter station.
Table 11-2 shows the conservative development options for 2015 and 2020 compared to the
current situation.
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Table 11-2:

Overview of status and development possibilities of VSC-HVDC
technology for connecting offshore wind farms

Values per Circuit
VSC-HVDC

Parameter
Year of commisioning
Un (+/-)
In
Pmax
min. distance between circuits
Required space offshore
Converter losses
Q consumption
Multi-Terminal operation
black start capability
Max. distance
Min. SC power

Unit

2010
2015
2020
Kabel (VPE) Kabel (VPE) Kabel (VPE)
2015
2020
2025
kV
320-350
400
500
A
1500-1700
1700
1700
MW
1000-1100**
1360
1700
m
50-200*
50-200*
50-200*
--..++
0
0
0
% Pn
1.3
1
1
% Pn
controllable controllable controllable
yes/no
yes
yes
yes
yes/no
yes
yes
yes
km
SCR
0
0
0

* depending on regulations and depth of cable
** depending on local application conditions

Source: Manufacturer

11.2.4.5

Completed projects

There are currently two providers of VSC-HVDC technology: ABB (HVDC Light®) and
Siemens (HVDC Plus®).
The biggest VSC-HVDC projects with submarine cable connections:
1. Trans Bay Cable (Pittsburgh – San Francisco California), capacity 400 MW, DC voltage ±200 kV, distance 85 km, planned start-up 2010.
2. BorWin 1 (offshore wind farm, Germany), capacity 400 MW, DC voltage ±150 kV,
distance 203 km, planned start-up of connection 2009.
3. Estlink (Estonia-Finland), capacity 350 MW, DC voltage ±150 kV, distance 105 km,
start-up 2006.
4. Cross Sound (USA), capacity 330 MW, DC voltage ±150 kV, distance 40 km, start-up
2002.
11.2.4.6

Factors restricting implementation

Bottlenecks are not anticipated with demand as it is at present, but a sudden increase in demand (as was the case with classic HVDC) could cause cable manufacturing bottlenecks. The
implementation period for a project is approx. 24 – 36 months.

11.2.5

Multi-terminal operation with classic HVDC and VSC-HVDC

With the HVDC connection it is possible to connect several converters to one direct voltage
circuit and therefore set up so-called multi-terminal operation. The basic versions of classical
and VSC-HVDC are shown in the following illustrations (Figure 11-22 and Figure 11-23):
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Figure 11-22: Classic HVDC as multi-terminal with bipolar (a) and hybrid (b) design

metallic return

a)

b)

Source: Manufacturer

Figure 11-23:

VSC-HVDC as multi-terminal examples

Source: Manufacturer

Classic HVDC as multi-terminal has already been realised: the connection between Quebec
(Canada) and New England (USA). The most important parameters of this multi-terminal
connection are specified in Table 11-3.
Table 11-3:

Information about the Quebec - New England HVDC multiterminal project

Hydro Québec - New England Hydro
(Canada/USA)
Capacity

2000 MW

Length

1,480 km
315 kV (Radisson)

AC voltage

230 kV (Nicolet)
345 kV (Sandy Pond)

D C voltage
Commissioning

±450 kV
1990-1992

Source: Manufacturer

With classic HVDC, control of the load flow is provided by modifying the voltage polarity.
For this reason, the design of multi-terminal operation with classical HVDC is extremely
complex, and is usually restricted to 3 terminals for operational reasons.
Because of the flexible controllability of the direct voltage circuit with VSC-HVDC technology and the constant voltage, a multi-terminal system with VSC-HVDC is easier to achieve
than with classic HVDC, and the number of terminals is not limited from a technical point of
view. However, the development of fast direct current switches is first required. The resulting
direct current grids can be designed to be radial, meshed or as a combination of both types of
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grid. This makes it possible to connect several wind farms on one corridor. The individual
converter stations can basically feed power into the direct voltage circuit but also obtain
power from it.
The following protection concepts are described in a multi-terminal system with VSC-HVDC
technology (Figure 11-24):
Variant 1: the direct current system is examined as a complete system, i.e. as one protection area. No transient interruptions are possible within the DC circuit. The disconnectors can be used for different operational configurations. (Figure 11-25)
Variant 2: like variant 1, the direct current system is examined as a complete system,
i.e. as one protection area. Unlike the first solution, a quick restore of non-defective
parts of the system is possible by using DC load interrupter switches (see Figure
11-26). The interruption lasts for approx. 0.5 sec.
Variant 3: No interruption to power supply when isolating defective system areas. Fast
direct current circuit breakers are used to isolate direct current faults – Figure 11-27.
Figure 11-24:

Example of a multi-terminal VSC-HVDC connection

Source: Manufacturer

Figure 11-25:

x

Protection concept - variant 1 – protection by means of AC circuit
breaker

x

x
X AC load switch

Source: Manufacturer

In variant 1 a fault in the DC system is shut off by the AC circuit breakers. The topology, i.e.
the respective multi-terminal operation switching status, can be selected using the DC disconnectors.
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Figure 11-26:

Protection concept - variant 2 – protection by means of AC circuit
breaker and fast DC load interrupter switches
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Source: Manufacturer

With variant 2 the fast DC load interrupter switches are used in the DC circuit. After a fault
has occurred in a DC circuit, the AC circuit breakers open first. Then the DC load interrupter
switches interrupt the circulating currents. The defective section or defective station is isolated from the rest of the system/grid with high-speed DC switches (HSS). The remainder of
the system recovers within 0.5 seconds.
Figure 11-27:

x

Protection concept - variant 3 – protection by means of fast DC circuit breakers

x

x

fast DC load switch
Source: Manufacturer

When fast DC circuit breakers are being used (variant 3 – Figure 11-27), all defective DC
elements (line, station) are switched off immediately and the remaining power transmission is
maintained. In this case the AC circuit breakers are not switched off. The DC circuit breakers
are not currently available in the necessary power rating, but according to the manufacturer,
the use of these fast DC circuit breakers will be achievable by 2015.
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11.2.6
11.2.6.1

Gas-insulated line (GIL)

Introduction and short description

A GIL system (GIL = gas-insulated line) has a similar design to a pipeline with a currentcarrying internal aluminium conductor. The pipeline is filled with a nitrogen SF6 mixture as
the insulating medium, with which only 20% SF6 is used. SF6 has been reliably used as an insulating gas for many years, and is normal in gas-insulated substations, for example.
Unlike cable routes, gas-insulated lines have an electrically desirable operating behaviour that
is very similar to that of an overhead line due to the gas insulation. Even high capacities
(>1,000 MVA) can be transmitted without cooling systems. The reactance coating of a GIL is
about ¼ of the reactance coating of a 400 kV single overhead line, and the operating capacity
is approx. 4 times as great as that of an overhead line. Compared to three-phase cable, the
GIL has considerably less operating capacity, meaning that less shunt compensation is required. This means that the maximum length of the grid connection can be approx. 4 times
greater without the need for expensive shunt compensation with a platform in the line.
A special feature of the GIL is that it is environmentally friendly - because of the effect of induced currents in the encapsulation, the transmission system has an extremely small magnetic
field directly above the corridor, which allows direct development and land use and reduces
the effect on the marine world. A gas-insulated line is also maintenance free and not susceptible to external interference because of its encapsulation.
GIL was previously only laid onshore over relatively short distances. A total of 200-300 km
of GIL systems are in operation worldwide, whereby the longest system is 3,300 m.
11.2.6.2

Design

Combinations consisting of drilled tunnels and immersed tunnels have been developed for
connecting offshore wind farms. The procedure has been developed together with experienced
offshore pipeline construction companies. Details of a "Power Transmission Pipeline" (PTP)
can be found in Figure 11-28 .
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Figure 11-28:

Schematic overview as combination of drilled tunnel and immersed
tunnel

Source: Siemens

The drilled tunnel bridges a certain distance from land into the sea. This is shown as a "mining tunnel" in Figure 11-28 on the left. From a tunnel length of approx. 15 km, the GIL is then
laid in submersible concrete segments that are 150m in length.
Figure 11-29:

Manufacture of tunnel segments in dry dock

Source: Siemens

Figure 11-29 and Figure 11-30 show the manufacture and shipping of these tunnel segments.
The manufacture and laying of these tunnels in the sea has already been tried out and is used
in the construction of submarine connections for railways, for example.
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Figure 11-30:

Individual tunnel segment

Source: Siemens

Figure 11-31:

Cross-section of a tunnel segment

Source: Siemens

Figure 11-31 shows the cross-section of a tunnel segment. It shows that there is room for 4
GIL systems in a concrete segment.
According to previous calculations, it can be estimated that a GIL connection will be profitable compared to three-phase cables from a transmitted capacity of at least 8,000 MW and
from a distance of approx. 40-50km (this corresponds to four individual GIL systems each
with 2,000 MVA of rated power in a transmission corridor). VSC technology will be cheaper
for longer distances at the offshore side, despite having a large number of systems (approx. 68).
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With higher voltages (e.g. 550 kV) up to 4x3,800 MVA can be transmitted. However, from
the point of view of grid stability and power density, the use of 4x2,000 W GIL transmissions
should be selected for connecting wind farm clusters.
11.2.6.3

Development potential

The main development potential of the GIL solution is increasing operating experience by
implementing other transmission projects. The procedure can be optimised, particularly when
long routes are being constructed.
A considerable increase in voltage up to 750kV or the rated current can already be achieved
and is easily controllable by changing the dimensions of the GIL pipe and the conductor. Table 11-4 shows the development possibilities for the years 2015 and 2020 compared to the
current status.
Table 11-4:
Values per Circuit
GIL

Overview of status and development possibilities of GIL technology
for connecting offshore wind farms
Parameter
Year of commisioning
Un
In
Smax (Tunnel)
tunnel width
Number of circuits per tunnel
Required space offshore
Max. distance
black start capability

Unit

kV
A
MVA
m
--..++
km
yes/no

2010

2015

2020

2015
400
3150
2182
12
4
+

2020
400
3150
2182
12
4
+

2025
400
3150
2182
12
4
+

yes

yes

yes

Source: Manufacturer

11.2.6.4

Factors restricting implementation

A factor that influences the connection of wind farms using GIL technology is the production
of the cladding tube. The production capacities for long distances are currently limited and the
availability of the tubes will lead to a longer construction time. As demand increases, the existing capacity must be developed in order to prevent delays when the connections are being
implemented.
Connecting with a GIL solution is only meaningful if several wind farms with high capacity
can be combined, meaning that a total connected rating of 6-8 GW can be achieved. In order
to do this, general legal and regulatory conditions must make it possible to not just connect
wind farms individually but also take the future development of offshore wind farms in an
area into consideration. If several wind farms are being connected with a single connection,
the connection must be designed in anticipation of future wind farm developments and be installed before the first wind farm is commissioned.
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11.2.7
11.2.7.1

Three-phase cable

Introduction and short description

Three-phase cables consist of one or more conductors, insulation and sheaths or shields. The
conductor is either made from electrolytic copper or conductive aluminium. Oil-soaked paper
(oil cable) or cross-linked polyethylene (XLPE cable) is used as insulation. Submarine cables
are now typically in the form of three-overhead conductors with XLPE insulation with operating voltages of up to 245 kV. The maximum transmittable capacity per cable system is currently approx. 350 MW.
Because of its non-polar character, polyethylene has a low dielectric coefficient, an extremely
low loss factor and extremely high electric stability. The cross-linking leads to improved mechanical properties which make laying easier.
The length of the cables is limited because of the high capacitive load current. The high load
current of the cable limits the active current and therefore the active power transmission. For
this reason, cable compensation must be provided for long transmission routes.
Figure 11-32 shows an example of the design of a 150kV three-phase submarine cable with
three copper conductors, XLPE insulation, armouring and optical waveguides.
Figure 11-32:

Example design of a three-phase submarine cable

Source: Manufacturer

11.2.7.2

Design

With three-phase cables the large operating capacity of the cable takes effect and the voltage
along the route increases. Over long distances this can lead to the insulation stability of the
cable being exceeded. The capacitive load current also reduces the active power that can be
transmitted. For this reason, a compensation system for compensating for the cable capacity
must be installed after a certain cable length has been reached.
Implementing submarine cable connections using three-phase technology is only meaningful
up to a certain length, at which the cable is between the offshore platform and the onshore
connecting point without additional shunt compensation. Otherwise an additional and extremely expensive platform is needed.
Now and in the near future (up to 2020) a XLPE cable with a maximum rated voltage of 245
kV can be used to connect wind farms with a maximum wind capacity of 350 MW.
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Figure 11-33:

Schematic diagram of an offshore wind farm connection with threephase cable

Source: Manufacturer

11.2.7.3

Development potential

The further development of three-phase cables for higher voltages is slow in comparison to
direct current technology. It is therefore assumed that it will not be possible to increase power
transmission via three-phase cables in the next few years until the end of this study in 2020.
Table 11-5 shows a comparison of three-phase cable development status for 2010, 2015 and
2020.
Table 11-5:
Werte pro System
VPE Kabel
Dreileiterkabel

Overview of status and development possibilities of three-phase cable technology for connecting offshore wind farms
Größe

Einheit

2010
VPE

Jahr der Inbetriebnahme
Un
In
Smax
min. Abstand zw. Seekabelsystemen
Platzbedarf Off-Shore
Max. Übertragungsdistanz
Schwarzstartfähigkeit

kV
A
MVA
m
--..++
km
ja/nein

* abhängig von Vorschriften und Tiefe der Verlegung

2015
VPE

2015
245
1050
356
50-200*
++
70
ja
0

2020
VPE

2020
245
1050
356
50-200*
++
70
ja
0

2025
245
1050
356
50-200*
++
70
ja
0

Source: Manufacturer

11.2.8

Connecting technology evaluation

The connecting technologies described above are possible alternatives for connecting offshore
wind farms with three-phase cables. However, these are currently only examined if implementation with three-phase cable is technically and/or financially no longer feasible or meaningful.
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A comparison of the three technologies of classical HVDC, HVDC-VSC technology and GIL
reveals the following:
GIL transmission currently appears to be meaningful as of a transmitted capacity of at
least 8,000 MW and a distance of approx. 40-50 km in comparison to a solution using
three-phase cable. However, a prerequisite for this is the combining of multiple wind
farms and wind farm clusters, which are connected via a GIL route. During the planning and approval phases it is therefore necessary to connect wind projects that are going to be implemented in the near future using one connection. However, a large proportion of the investments must be made at an earlier stage.
Classic HVDC has the disadvantage that it is dependent on a strong three-phase grid
relative to the transmission power. It can only operate in a line-commutated manner.
However, because of the way that the majority of wind turbines operate, wind farms
are also dependent on a grid with a predefined voltage. In other words, additional
components (e.g. synchronous condensers) must be set up on the offshore platform in
order to make operation possible. This requires a considerable amount of additional
space on the offshore platform. It is also difficult to start up such a system.
Like classic HVDC, the transmission power of VSC-HVDC is mainly limited by the
DC cable and not the current-carrying capacity and dielectric strength of the power
converter valves. There is therefore no difference between the maximum transmission
power of the different converter technologies for the offshore connection, unlike onshore connections.
VSC-HVDC is in a position to feed passive networks such as wind farms and specify
the voltage itself. This makes it significantly more suitable for connecting wind farms
than classic HVDC.
The higher losses in the converter are a disadvantage. These are currently about twice
the amount of power converter loss with classic HVDC. It will be possible to reduce
the losses to about 1.5 times those of classic HVDC by making future improvements.
In order to select the best variant for a certain transmission task with regard to costeffectiveness, effect on the environment and technical characteristics, the quality of the technologies will be compared on the basis of different criteria. The pair-wise evaluation method
that is used is based upon the evaluation method in Section 10 and is described there in detail.
The additions that are needed to evaluate the offshore technologies are described separately in
this section. Please refer to Section 10 for a detailed description of the method.
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11.2.8.1

Pair-wise evaluation of the criteria.

The following criteria were examined in order to make a comparison by means of pair-wise
valuation [Section 10]:
Construction method
Construction time, delivery time
Reliability and fault remedying
Cost-effectiveness
Ecological effects
Technical characteristics

In the first step, the criteria will be compared and evaluated. The weighting factors for a pairwise comparison are
1: less important
2: equally important
3: more important
All six criteria are listed in Table 11-6 and the values from the pair-wise examination are entered.

Ecological effects

Technical characteristics

–

1

1

1

1

1

Construction and delivery time

3

–

2

1

1

1

Reliability and fault remedying

3

2

–

1

2

1

Cost-effectiveness

3

3

3

–

3

3

Ecological effects

3

3

2

1

–

3

Technical characteristics

3

3

3

1

1

–

remedying

Reliability

time

and

Construction method

Construction method

Cost-effectiveness

fault

Priority matrix for the evaluation criteria
Construction and delivery

Table 11-6:

These criteria have been weighted in comparison to each other in pairs. This results in an
evaluation and a ranking order of the evaluation criteria, which is shown in Figure 11-34.
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Figure 11-34: Weighting of the individual evaluation criteria in %
Weighting (%)
30

25

20

15
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5

0
Building
technology

Construction and
delivery time

Reliability and
repair

Economy

Ecological impact

Technical
characteristics

Source: Own diagram

11.2.8.2

Technology evaluation

On the basis of these criteria, each technology is evaluated for certain transmission tasks as to
whether they fulfil the criteria well (=4) or badly (=1). These evaluations are carried out for
all technologies and multiplied by the weighting. This results in a ranking order of technologies that reflects the suitability of the technologies for the respective transmission task.
The technology evaluation method, which represents exemplary and typical applications for
offshore connections of individual wind farms and wind farm clusters, is carried out for three
different transmission tasks.
?
?
?

Transmission capacity: 300 MW Distance: 50 km
Transmission capacity: 1,000 MW Distance: 100 km
Transmission capacity: 4,000 MW Distance: 200 km

The evaluation is shown in the following table for each connection.
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Table 11-7:

Evaluation of technologies for the 300 MW, 50 km task
AC cable

conv. HVDC with
DC cable

VSC-HVDC with
DC cable

Gas insulated
line (GIL)

Building technology

4

2

2

1

Construction and delivery time

4

3

3

1

Reliability and repair

3

1

3

4

Economy

4

2

2

1

Ecological impact

4

1

3

3

Technical characteristics

3

1

4

3

300MW / 50km

Table 11-8:

Evaluation of technologies for the 1,000 MW, 100 km task

1000MW / 100km

AC cable

conv. HVDC with
DC cable

VSC-HVDC with
DC cable

Gas insulated
line (GIL)

Building technology

3

2

4

1

Construction and delivery time

3

4

4

1

Reliability and repair

2

1

4

3

Economy

3

2

4

1

Ecological impact

4

1

3

3

Technical characteristics

2

1

4

3

Table 11-9:

Evaluation of technologies for the 4,000 MW, 200 km task

4000MW / 200km

AC cable

conv. HVDC with
DC cable

VSC-HVDC with
DC cable

Gas insulated
line (GIL)

Building technology

1

3

3

4

Construction and delivery time

1

4

3

1

Reliability and repair

1

2

4

3

Economy

1

2

4

3

Ecological impact

1

2

4

4

Technical characteristics

1

2

4

3

11.2.8.3

Ranking

The results, which have been determined on the basis of the weighting factors of the individual criteria and on the basis of the evaluations of the transmission technologies, are multiplied. These values are added up and the sum total thereof is calculated for all transmission
technologies. The greater the number of points attained by the technology, the more suitable it
is for the given task in comparison to solutions with a lesser rating.
The results of the evaluation are shown in detail in Figure 11-35.
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Figure 11-35:

Result of technology evaluations

400
300MW / 50km
350

1000MW / 100km
4000MW / 200km

300

302

378

380

222

173

100

160

100

207

285
235

150

287

200

367

Rating

250

50

0
AC cable

conv. HVDC w ith DC
cable

VSC-HVDC w ith DC
cable

Gas insulated line (GIL)

Source: Own diagram

This results in the following rankings:
For 300MW transmission capacity and distance of 50km:
1. Three-phase cable
2. HVDC with VSC technology
3. Gas-insulated line (GIL)
4. Classic HVDC technology
For 1,000 MW transmission capacity and distance of 100km:
1. HVDC with VSC technology
2. Three-phase cable
3. Gas-insulated line (GIL)
4. Classic HVDC technology
For 4,000 MW transmission capacity and distance of 200km:
1. HVDC with VSC technology
2. Gas-insulated line (GIL)
3. Classic HVDC technology
4. Three-phase cable
The evaluation resulted in the following preferred technologies for implementing the connections.

237

Updating the connection plan for offshore wind farms

For submarine connections over a distance of up to approx. 60-80 km and with capacities of
less than 350 MW, it is advisable to implement a connection with three-phase cable. Now and
in the near future (up to 2020) a XLPE cable with a maximum rated voltage of 245 kV can be
used to connect wind farms with a maximum wind capacity of 350 MW.
For greater capacities and/or distances, the following system will be used to implement the
connection up to 2015, i.e. if the system is ordered by 2010 (current state of development):
VSC-HVDC

XLPE DC cable

max. capacity = 1,000-1,100 MW

If the connection is implemented by 2020, i.e. the system is ordered by 2015 (development
potential can only be taken into consideration up to 2015) the following systems can be used:
VSC-HVDC

11.3

XLPE DC cable

max. capacity = 1,360 MW

Connecting concept

11.3.1

Introduction

This section describes a concept for transmitting the energy generated in offshore wind farms
to defined onshore connection points and then connecting to the high voltage and extra high
voltage grid and the relevant substations.
In the first step, future wind farm projects that have already been planned will be analysed and
combined into a cluster if necessary. Development will initially be examined up to 2015, and
then the situation in 2020 will be independently examined (based on existing applications).
The existing wind farms and projects that are definitely going ahead will be taken into consideration by 2015. If the wind farm is in the implementation phase, its connection will be carried out individually for each wind farm. The technology and design of the connection has
been defined for these wind farms.
The additional wind farms for each cluster will be connected together by 2015 and up to 2020
accordingly. The concept that has been worked out shows the connection of the entire cluster.
In other words, the wind farms are not connected individually. This is meaningful because it
allows synergy effects to be exploited, and the connection can have an optimal design. This
results in concepts for wind farm connections for the North Sea and the Baltic Sea.

11.3.2

11.3.2.1

Overview of current and future wind farm projects in the
North Sea.

Existing and planned wind farm projects and connections

The following connections have been implemented as individual connections in the North
Sea, or will be by the end of 2009:
OWF Alpha Ventus with 60MW

Three-phasecable, 110 kV

OWF BorWin 1 with 400MW

VSC-HVDC, +/- 150 kV
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11.3.2.2

Scenarios for the North Sea in 2015 and 2020

The data for the planned OWFs in the North sea up to 2015 and 2020 has been obtained from
the dena II intermediate report ("Szenario_dena II_mod") and are shown in Table 11-10.
Table 11-10:

Modified offshore wind scenario divided into four clusters up to 2020
DEWI scenario

Offshore scenario

Scenario dena specialist concil

Scenario_dena II

2007

2010

2015

2020

2007

2010

2015

2020

2015

2020

NORTH SEA

425

3.371

8.382

18.647

425

4.428

8.382

18.647

6.787

Region Borkum

125

985

1.935

4.000

125

4.000
1.928*

5.882*

Cumulative capacity in MW per year

Region Open North Sea (Borkum II)
Region Helgoland*

0

136

4.032

9.032

0

300

1.050

1.050

1.850

300
2.500*

2015

2020

14.000

5.950

12.000

1.971

4.500

1.750

3.900

9.032

2.240

5.000

1.950

4.250

1.850

1.088

1.500

950

1.300

3.765

1.488

3.000

1.300

2.550

1.050

2.000

350

700

700

1.300

22.000

2025

19.500

2.500*

Region Sylt

0

1.200

1.365

3.765

0

BALTIC SEA

51

1.011

1.411

1.711

226

1.011

1.411

1.711

1.181

2.300

Region Rostock

51

611

1.011

1.011

226

611

1.011

1.011

381

800

Region Rügen

0

400

400

700

0

400

400

700

800

1.500

476

4.382

9.793

20.358

651

5.439

9.793

20.358

7.968

Total North Sea / Baltic Sea

2025

Scenario_dena II_mod

3.000

16.300 25.000

7.000

2.500

14.000 22.000

* In accordance w ith the “dena specialist council resolution” for 2010, a planned offshore w ind farm in the Helgoland region (250 MW) is assigned to the Low er Saxony area (Borkum/open North Sea).

Source: DEWI

Table 11-11 summarises the data for the North Sea
Table 11-11:

Summary of installed wind farm capacity for 2015 and 2020 in the
North Sea (source: Szenario_dena II_mod)
North Sea
DolWin
(Borkum area)
BorWin
(Open North Sea area –
Borkum II)
HelWin
(Helgoland area)
SylWin
(Sylt area)
*

2015

2020

2015-2020

1750*

3900

2150

1950**

4250

2300

950

1300

350

1300

2550

1250

value includes capacity of Alpha Ventus wind farm (60 MW)

** value includes capacity of BorWin1 wind farm (400 MW)

The BorWin1 wind farm with its overall capacity of 400 MW is already tied by VSC-HVDC
into the interconnected system. Since the BorWin1 OWF belongs to the BorWin cluster, these
400 MW are no longer taken into consideration during the production of the connecting concepts. The total capacity of the BorWin cluster to be connected by 2015 is therefore 1,550
MW.

239

Updating the connection plan for offshore wind farms

The connection of the Alpha Ventus wind farm has also been authorised. These 60 MW will
no longer be taken into consideration in the connection of the DolWin cluster. A total capacity
of 1,690 MW by 2015 is therefore assumed for the connecting concepts.
The difference between planned offshore wind farms by 2020 and 2015 is calculated for the
period between 2015 and 2020.
11.3.2.3

Analysis of onshore connecting points and corridors

The following PCCs and distances are known for the OWF PCCs of the cluster to the TPS77
grid:
Wind farm
PCC
Length of offshore corridor Length of onshore corridor
Alpha Ventus UW Hagermarsch

60 km

5 km

BorWin1

UW Diele

125 km

75 km

Cluster

PCC

DolWin

Ems-Elbe metropolitan area

60 km

75 km

BorWin

Ems-Elbe metropolitan area

125 km

75 km

Sylwin

North Elbe metropolitan area 160 km

50 km

Helwin

North Elbe metropolitan area 90 km

50 km

Length of offshore corridor Length of onshore corridor

The maximum capacity that may be connected to a grid connection point is further investigated within the scope of finalising the previous corridor-related regional onshore transmission routes. The optimum distribution of the connecting projects to suitable onshore grid connection points in the Ems-Elbe metropolitan area and the north Elbe area is also a subject of
these follow-up studies.
A maximum of 4 parallel cable systems (three-phaseor direct) are currently possible in the
BorWin direction, whereby a cable corridor is already occupied for BorWin 1. The number of
parallel cable systems is limited to 3 for the DolWin cluster. Here too, one system is being
used by the Alpha Ventus OWF so that 2 systems are available for other wind farms in this
cluster.
An ductwork system has been constructed on the island of Nordeney which allows the implementation of a maximum of 5 transmission systems depending on the size thereof. The
corridor for connecting the HelWin and SylWin clusters is currently limited to 4 systems.
The number of authorised corridors shows a restriction for connecting OWFs. The grid operator is currently looking at several alternatives for increasing this.

77 Tennet TSO
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11.3.2.4

North Sea connection planning

Plan up to 2015
The planned wind farms are included in the planning of the connections. These will have one
connection per wind farm. The other wind farms will be combined in clusters. A connecting
concept will be developed for the cluster which takes the size of the cluster, the distance from
the connecting node and the existing limits of the corridor into consideration in the planning.
If there is a long distance (e.g. between 130 km and 210 km) between the OWFs and the
PCCs, connecting using three-phase technology is no longer meaningful from a technical and
financial point of view. The use of DC systems with VSC-HVDC is being proposed for such
projects.
The following routes are needed for the connection (appropriate capacities are dependent on
the commissioning of the wind farm within the respective cluster, i.e. "wind farm ready"):
BorWin

2 DC systems

2 x 800 MW

DolWin

2 DC systems

2 x 850 MW

SylWin

2 DC systems

2 x 650 MW

HelWin

1 DC system

1 x 950 MW

2 HVDC systems are therefore needed by 2015 in order to connect BorWin (without the
BorWin 1 OWF). This number of cable systems is acceptable for the corridor restrictions.
However, this connection already uses up the existing corridor on the island of Nordeney (or
exceeds it slightly).
2 additional DC systems are required for the OWF connection in the DolWin cluster. This exceeds the limit of the corridor. Either the size of the corridor must be increased, or an additional corridor must be made available.
A total of 4 VSC-HVDC cable corridors will be needed to connect the BorWin and DolWin
clusters by 2015.
The same number of cable systems is required if MI cables are being used for offshore and
onshore transmission of VSC-HVDC technology (total of 9 for BorWin and DolWin). In this
case too, the specifications cannot be met by the existing corridor. Additional corridors are
therefore needed here. Another restriction is the tunnel on the island of Nordeney, through
which a maximum of only 3,000 MW may be transmitted.
A GIL transmission route with a capacity of approx. 8,300 MW from the Ems-Elbe metropolitan area for connecting the BorWin cluster could optionally be implemented. From there
the BorWin cluster could be connected to this GIL connection point on an offshore platform
via three-phase cable that is about 60km in length. The 3,000 MW capacity transmission limit
through the tunnel on the island of Nordeney still exists, however.
The effect on the mudflats must also be taken into consideration.
The SylWin cluster should be connected using two DC systems, whereby one system can also
be designed for smaller capacities. The HelWin cluster is going to be connected using a direct
current connection. A total of 3 VSC-HVDC systems are going to be connected in Region 1
Tennet (north Elbe metropolitan area) for these two clusters by 2015.
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It would also be possible to route the offshore DC connections from offshore wind farm clusters to the main consumer points by means of a transition to DC overhead line systems. These
options can be used in the development of economical solutions within dena II, meaning that
some of the energy accrued offshore can be transmitted straight to the main consumer points
via these technologies (selection of a certain region from the region model for the connecting
point).
Figure 11-36:

Connecting the OWFs in the North Sea up to 2015 (blue) and 20152020 (green)

Plan up to 2020
Approx. 6,050 MW of additional wind farm capacity is planned for the year 2020. An overview of the further development of the clusters and the distribution of the wind farm capacity
among the four clusters is shown in Figure 11-36.
Connection will again take place using VSC-HVDC technology. Due to technical advancements, a capacity increase of up to 1,360 MW per system is anticipated.
The following additional routes are needed for the connection (appropriate capacities are dependent on the commissioning of the wind farm within the respective cluster, i.e. "wind farm
ready"):
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BorWin

2 DC systems

2 x 1,150 MW

DolWin

2 DC systems

2 x 1,100 MW

SylWin

1 DC system

1 x 1,250 MW

HelWin
1 DC system
1 x 350 MW
It is assumed that all connections will be either "wind farm ready" or "cluster ready" and
complete by 2015. The connections are displayed in Figure 11-36.
The following assumption is made for additional connection points as of 2015:
Cluster
Length of offshore corridor
Length of onshore corridor
DolWin

60 km

approx. 50 - 250 km

BorWin

125 km

approx. 50 - 250 km

Sylwin

160 km

50 km

Helwin

90 km

50 km

Other alternative corridors for the DolWin and BorWin clusters are planned in order to cope
with the restrictions that currently exist. The exact corridor routing has not been finalised.
The corridor limitations for the number of transmission systems of the clusters planned for the
North Sea (BorWin, DolWin, SylWin and HelWin) play an important part in the connection.
It can be seen from Figure 11-36 that a total of 13 VSC-HVDC cluster connections can be expected by 2020, of which 8 are in region 2 Tennet (Ems Elbe metropolitan area) and 5 are in
region 1 Tennet (north Elbe metropolitan area), see Figure 12-3. Only 7 are available at present (3 systems that are not yet being used for region 2 Tennet and 4 systems for region 1
Tennet).

11.3.3

11.3.3.1

Overview of current and future wind farm projects in the Baltic Sea.

Existing and planned wind farm projects and connections

The grid connections and offshore and onshore corridors have been authorised for two OWF
projects and applications have been made for others, but have not yet been authorised.
The following connections have been authorised and will be implemented as combined individual connections:
Baltic 1 OWF with approx. 50 MW

Three-phase cable, 150 kV

Kriegers Flak 1 OWF with approx. 300 MW

Three-phase cable
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11.3.3.2

Scenarios for the Baltic Sea in 2015 and 2020

The input data has been taken from the details of the dena II interim report
(Szenario_dena_II_mod) – see Figure 11-36. It is summarised in Table 11-12.
Table 11-12:

Summary of installed OWF capacity for 2015 and 2020 in the Baltic
Sea

Baltic Sea
2015
350
West region
700
East region
Source: Szenario_dena II_mod

2020
700
1300

2015-2020
350
600

System operator 50Hertz Transmission has pointed out that the application situation significantly exceeds the specifications. As of the end of 2008, there were a total of fourteen applications for OWF grid connections in the German Baltic Sea to the 50Hertz Transmission
transmission grid According to these applications, the total capacity is approx. 3,600 MW up
to 2015, and 4,200 up to 2020 (West region 950 MW, East region 2,650+600 MW). As things
stand at present (end of 2009) 50Hertz Transmission is planning to implement the grid connections by 2015 using AC cable systems.
Only the scenario (Table 11-10) approved by the PSG has been used for the examinations and
conceptions described in this report.
11.3.3.3

Analysis of onshore connecting points and corridors

The following grid connecting points and distances are known for the OWF grid connections
of the clusters to the 50Hertz Transmission transmission grid:
OWF
Grid connection point Length
Baltic 1
UW Bentwisch
70 km
The OWFs of the West region are physically so far apart from each other that the region cannot be connected as a cluster. The region must be divided up into the West 1 and West 2 clusters.
Cluster

Grid connection point

Length

West 1

UW Bentwisch

60 km

West 2

UW Bentwisch

70 or 130 km

East 1

UW Lüdershagen

90 km

East 2
UW Lubmin
90 km
Restrictions to the corridors have not been taken into consideration.

11.3.3.4

Plans for connections in the Baltic Sea until 2015

The two OWFs in the West 2 region, the Baltic 1 OWF with 50 MW and the Kriegers Flak 1
OWF with 300 MW are already at an advanced stage of planning. The Baltic 1 OWF will be
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connected to the UW Bentwisch via an AC cable in 2010. The grid connection for this is already under construction.
The West 1 region OWFs will be connected to the UW Bentwisch grid connection point because of their physical location. An AC cable system is planned for this.
The East 2 region OWFs will be connected to the UW Lubmin grid connection point because
of their physical location. Two AC cable systems are planned for this.
The East 1 region OWFs, which are near the island of Rügen, will be connected to the UW
Lüdershagen grid connection point because of their physical location. An AC cable system is
planned for this.
Figure 11-37:

Connection of OWFs in Baltic Sea by 2015 (blue) and in 2015-2020
(green) in accordance with the modified offshore scenario until
2020

West 2
Ost 1

Region West
350 + 350 MW

Region Ost
700 + 600 MW

Ost 2
West 1
Lüdershagen
Bentwisch

1+1 AC Systems bis 2015
1+1 AC Systems 2015-2020

Lubmin

1+2 AC Systems up to 2015
1 DC System 2015-2020

Source: Manufacturer

11.3.3.5

Plans for connections in the Baltic Sea until 2020

Additional OWFs with total capacity of 350 MW will be connected in the West region by the
year 2020. These would be connected to the UW Bentwisch via two additional AC cable systems, as shown in Figure 11-37.
Additional OWFs with total capacity of 600 MW will be connected in the East region by the
year 2020. These could be connected to the UW Lubmin via a VSC-HVDC with the appropriate capacity. With this connection in a cluster, just a single DC system could be used rather
than several individual AC cable systems (probably 3 systems). This leads to significantly less
effect on the environment (corridor width for the AC solution will probably be several hun245
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dred metres). A DC solution would also be more cost-effective, because a large number of AC
cable systems with a length of approx. 100 km would be more expensive bycomparison.

11.3.4

Multi-terminal operation

Multi-terminal operation options are shown as an example. The prerequisites for multiterminal operation are:
Synergies between individual wind farm clusters can be utilised using multiterminal technology (depending on time and compatibility, taking geographical
position of offshore wind farms into consideration). An example of this can be
seen in section d).
DC connection of offshore wind farm cluster direct to main consumer points by
continuing the DC connection onshore. This also makes it possible to link up additional power plants onshore using DC (many coal-fired power plants are being
planned/approved/built in the North Sea coastal region). The transition from DC
cable (offshore connection) to a DC overhead line (onshore connection) is technically feasible and meaningful in this case. This will allow larger quantities of
power to be transmitted from the onshore collection point into the load centres using direct current technology.
Another interesting possibility is the use of multi-terminal operation for a transit
line between two different countries with intermediate infeed: (both wind farms
and other power plants: tidal power plants, wave power plants, seaflow power
plants, classic power plants). However, the regulatory framework is open for this
option. An example of this is shown in sections a) and b).
One of the most important questions concerning the successful use of multi-terminal operation that will have to be answered in the future is the standardisation of direct current technology and its components from different manufacturers for setting up a meshed direct current
grid (voltages, control design, controllers, process control systems etc.). The formation of the
CIGRE work group B54-2 to address these issues is a first step in this direction.
a)
Transit line with intermediate infeed
A perspective for the use of multi-media operation in the North Sea and the Baltic Sea is
shown in Figure 11-38.
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Figure 11-38: Offshore perspectives

Existing DC connections
Possible DC connections
Source: EWIS

As far as the North Sea is concerned, the planning of the DC connections between Germany/Holland and Norway and between Denmark and Holland includes options for implementing the transit lines with intermediate infeed.78
An example of a multi-terminal option for a transit line from Germany to Norway with intermediate infeed is shown in Figure 11-39.
Figure 11-39:

Transit line between Norway and Germany with intermediate infeed from offshore wind farms
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78 Müller (2003)
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Multi-terminal technology with three converter stations could be used in connection with this.
As already mentioned above, usage in this particular case mainly depends on the regulatory
framework, but is also dependent on converter compatibility at the connecting point.
b)
Multi-terminal operation of Kriegers Flak – 3-way solution
Some proposals for connecting the Kriegers Flak OWF are shown in Figure 11-40.
Figure 11-40:

Possible variants for connecting Kriegers Flak between Denmark,
Germany and Sweden

Source: Manufacturer

As can be seen in the illustration, there are four proposals for connecting the offshore wind
farms to the 380 kv transmission grid in the individual countries of DK, S and D:
A – separate three-phase connections
B – combined three-phase connection
C – VSC-HVDC multi-terminal solution without Kriegers Flak
D – VSC-HVDC multi-terminal solution including Kriegers Flak, but connected using
a three-phase solution. Multi-terminal operation could also be advantageous here.
c)
Synergies between individual OWF clusters – example
The advantage of multi-terminal operation is shown in the example of "Szenario_dena II" for
2020. If the planning took place within a short period of time, one cable corridor less could be
used as shown in the illustration. This would save the cost of a cable system; and one cable
corridor authorisation less would be required.
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Figure 11-41:

Multi-terminal operation – advantages of connecting SylWin and
HelWin as per "Szenario_dena II"

A prerequisite for multi-terminal operation from a financial point of view is the implementation of the connections of these two wind farms within a short time. The HVDC systems must
also be compatible (standardisation of voltage, control design, controllers, process control
equipment etc.).
With regard to grid safety and stability, particularly within the scope of individual connections and particularly within the scope of meshed offshore grids that connect several participants with each other, the connected parties are obliged to meet the necessary requirements
offshore. These can be found within the scope of the general minimum requirements for wind
power plants (Transmission Code 2007 [2], and the grid connection / grid access rules of
Tennet TSO for North Sea and 50HzT for Baltic Sea OWFs). The requirements are linked to
the following targets:
– Avoidance of fault-related shut-offs and consequential damage offshore (offshore repairs can take an extremely long time)
– Regulation and combination of several offshore market players
– Clear, standardised interface between the market players themselves and the
offshore transmission grid at the PCC (standardised design of main components, basic design)
– Clear planning specifications for the manufacturers (transmission routes, WTs
etc.).
– Target-oriented implementation against the background of the Infrastructure
Acceleration Act.
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– Specification of a development framework for the WTs, both onshore and offshore.
– Production of efficient and cost-effective solutions.
– Clear assignment of responsibilities.
– Open planning, particularly for the offshore networking of several market
players (offshore grid).
The capacity of the offshore wind farms can be linked to the onshore transmission grid by DC
systems with multi-terminal operation.

11.4

Summary

Concepts for connecting clusters in the North Sea and the OWF projects in the Baltic Sea
have been worked out and described.
The OWFs are connected individually, so-called "wind farm ready", for projects at an advanced stage of planning or implementation. The remainder of the OWFs in the North Sea
will be connected per cluster for the time periods up to 2015 and from 2015-2020 as an overall cluster and not per OWF. According to 50Hertz Transmission, no clusters will be formed
in the Baltic Sea and the connection will be made "wind farm specific" via individual connections.
For the detailed planning of the future connections, exact details about the OWFs should be
known, and concrete and stable planning from the OWF developers must be available. This is
particularly important with regard to the given corridor limitations and because of the large
number of cable systems and the maximum capacities (as is the case for the BorWin and
DolWin clusters, for example).
None of the technologies that are currently available can remedy the existing restrictions in
the North Sea without additional corridors and capacities.
A concept for continuing the connection of offshore generation up to the year 2020 has been
developed using the system for evaluating transmission technologies on the basis of transmission tasks that are realistic for the North Sea and the Baltic Sea:
Demand-oriented development of cluster connection systems with VSC-HVDC
transmission routes (maximum capacity 1,100 MW by 2015 and 1,360 MW by 2020)
Manufacture of AC single connections depending on the installed OWF power plant
capacity and the transmission distance between the PCC and the grid interconnection
point
Further development beyond 2015 to 2020 (trend) mainly with VSC-HVDC technology (AC individual connections)
For the North Sea there were 13 HVDC systems, each with a capacity of approx. 1,000 MW,
for connecting all wind farm clusters. In order to connect large capacities (e.g. more than 3
GW by 2015 and more than 8 GW by 2020 in Region 2 Tennet–Ems-Elbe metropolitan area)
the surrounding 380 kV onshore transmission system must be extended accordingly. A possible solution is shown in Section 14.
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It must also be taken into consideration that the concentration of large power infeeds in a grid
region can have a considerable effect on the stability of the system. Because of the volatile
characteristics of the extensive generation in the North Sea, measures in the grid must also be
taken into consideration. The "wind farm ready" connection of OWFs that is currently practised does not just lead to the number of connecting systems and cable lengths being doubled,
but also increases the effect on the environment. In order to bundle the offshore connections
and minimise the cost of extending the grid, offshore wind farm cluster connections should be
implemented in future if possible.
Table 11-13:

Example comparison of connection of clusters up to 2015 as "wind
farm ready" and "cluster ready" variant (BorWin and DolWin)
Wind farm ready
Cluster ready

Criterion
Number of DC systems
Corridor width [m]
Total cable length [km]
Number of offshore platforms

8
350
1350
8

4
150
700
4

In order to minimise the number of DC systems and the effect on the environment, a cluster
connection for the offshore wind farms in the North Sea should be implemented in the future.
This would bundle the offshore wind farm connections and channel their power onto shore in
a concentrated way via fewer DC systems. This kind of system approach would make it possible to significantly reduce the cost of the grid connection using synergy effects.
For the above-mentioned reasons, the formation of a cluster in the Baltic Sea (Eastern Region)
is recommended for the time period from 2015-2020.
The technical potential for extending the concept using multi-terminal solutions is basically
present. The following multi-terminal options are feasible with the necessary regulatory conditions and standardisation of the direct current technologies and components from different
manufacturers (neither of which has been achieved to date).
Transit line with intermediate infeed from OWFs
Synergies between individual OWF clusters
DC connection of OWF clusters directly to the main consumer points (onshore transition from DC cable to DC overhead line with intermediate infeed onshore)
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The goal of the examination is to extend the transmission grid for the anticipated development
of the infeed of renewable energy and particularly wind energy within the period from 2015 to
2020 and work out strategic integration solutions for the electricity system in agreement with
the European and national regulations, with which electricity from renewable energy sources
can be transported to the consumption centres without loss of supply reliability. The grids
must also comply with the future requirements of national and international trade and the generation system that needs to be refurbished.
The power that will not be transmissible via the transmission grid that exists in 2015 will be
identified taking wind energy infeeding time series with a time horizon of 2020 into consideration. As a result, curves will be made available that show the power that the transmission
grid as it probably exists in 2015 will no longer be able to absorb, and will also be able to be
used for storage dimensioning.

12.1

Variant description

Different integration variants will be examined taking other flexibility-increasing options into
consideration. This results in three variants with regard to storage considerations (short identifier of respective variant in brackets)
-

Integration by means of grid expansion (000)
Storage of 50% of non-transmittable capacity (050)
Storage of 100% of non-transmittable capacity (100)

and also three variants for the overhead line loading capability assumptions:
-

Basic grid with "standard transmission capability" (BAS)
Overhead line monitoring (OLM)
General acceptance of high-temperature cabling (TAL)

A total of nine variants will therefore be examined. In the case of loading capability variation
in the connections in the existing grid, the transmission capacities between the regions will be
generally increased where necessary for determining the power that cannot be transmitted to
the regional borders. However, the scope of the construction of additional storage that is
needed to reduce the load on the grid differs, and the use of power plants is influenced by the
construction of new storage facilities. The power plant dispatch must therefore be redetermined in each case for the "100% storage integration" (100) and "50% storage /grid extension" (050) variants. An identical power plant dispatch is only based on the three variants
without the use of "Grid extension integration" (000) storage. An overview is shown in Figure
12-1.
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Figure 12-1:

Variant overview of integration options (without taking iterations
and interactions into consideration)

Source: EWI

12.2

Data basis

The time-resolved non-transmissible power for the target year of 2020 must be determined in
more detail with regard to the comparisons of the different remedial measures in the nine different scenarios. The following source data or time series of 8,760 hourly averages were
available for this purpose:
-

Recordings of the load trend for all customers for the year 2007 (source: TSOs, regionalised)
Simulated time series for onshore and offshore wind energy infeeding in 2020 and
their rated power (source: IWES Kassel, exactly for the node)
Simulated time series for infeed of photovoltaic systems in 2020 and their rated power
(source: IWES Kassel, per federal state)

The infeed time series and the installed capacities of the majority of the other generation types
have been determined in a market model, whereby the following principles must be assumed:
-

Basic priority of renewable energies, balance of generation and consumption (balanced model),
Provision of an appropriate level of balancing and reserve power.
Consideration of the availability of the power plants,
Conventional generation is only subject to market-oriented competition (sites, capacities, utilisation).
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The simulated infeed power trends and the installed capacities and time series of the infeeds
of all other generators according to technology classes for 2020 for the whole of Germany,
inst. cogeneration plant capacity per federal state and the time series for exchange with foreign countries in 2020 were determined in the market modelling. This resulted in the installed
capacities in 2020 in accordance with Figure 12-2:
Figure 12-2:
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12.3

Regionalisation

12.3.1

Overview of the regions

The transmission grid is divided up into 18 regions in Germany. The infeed lines from offshore areas 20 and 80 are assigned to the neighbouring regions in accordance with their intended connecting points. The designation of the regions in Figure 12-3 is oriented to the
ENTSO-E code for the German transmission system operators and are consecutively numbered from north to south within this.
The capacities that are installed were regionalised from the results of the market modelling for
the respective variants that were determined in part I.
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Figure 12-3:

Region illustration for Germany, region designation in accordance with
ENTSO-E

Source: TSOs, own representation
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12.3.2

Customer power requirements and grid losses

The time series of the load were divided up according to control areas and according to federal states in some cases, and scaled in the regions in accordance with maximum load. For
2020 there was a maximum simultaneous overall load of 82.8 GW.

12.3.3

Photovoltaics

The time series of the photovoltaic infeeds were specified by IWES for all federal states. The
assignment of these capacities to regions mainly takes place using the "maximum load" key,
and partially on the basis of the currently installed capacities. 17.9 GW of installed capacity is
predicted for the year 2020. 8,877 MWp of photovoltaic capacity was installed at the end of
2009 in Germany. 79

12.3.4

Biomass

The time series for the whole of Germany is assigned to the regions according to useful agricultural area per federal state. 6.2 GW of installed capacity is anticipated for 2020.

12.3.5

Other regenerative generation systems

These include run-of-river, reservoir water, dump gas and geothermal sources, among other
things. 5.8 GW of installed water power capacity and 0.28 GW of installed geothermal capacity is anticipated for 2020.

12.3.6

Energy storage

8.4 GW of storage capacity - mainly pumped storage power plants (PSW) - is anticipated by
2020, whereby it is assumed that this includes one CAES (compressed air energy storage).
The construction of additional storage with alternative technologies is modelled in the variants for 50% and 100% storage of the capacity that cannot be transmitted (code 050 and 100,
see also Section 12.1 Variant description), together with its effects on the use of the power
plant. The construction of new compressed air and H2 storage (see also part III) in north-west
and eastern Germany is assumed.
In one variant: new pumped storage power plant construction in the south, the construction of
new pumped storage systems in southern Germany, Switzerland and Austria and the effects
on the grid extension are also examined.
The new pumped storage power plant construction project that is planned at Atdorf with capacity of 1,400 MW is already taken into consideration in the "New pumped storage power
plant construction in the south" variant, the start-up of which is planned for 2019. The calculations of the basic variant with storage capacity of 8.4 GW started before the approval procedure was commenced for the planned new pumped storage power plant construction project at
Atdorf. It has therefore not yet been taken into consideration in this variant.

79 BMU-KI III1 according to renewable energy statistics work group (AGEE-Stat); Status as of: March 2010
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12.3.7

Wind energy

The time series for wind infeed from part I that existed for grid nodes has been aggregated to
regions.
The following situation arises for 2020:
Onshore: about 37 GW of installed capacity
o More than 90% thereof in the northern half of Germany
o About 13.3 GW (36%) in region 21-26
o About 17 GW (45%) in region 81-84
Offshore: 14 GW of installed capacity (12 GW North Sea, 2 GW Baltic Sea)

12.3.8

Cogeneration plants and block heat and power plants

The capacities determined by EWI according to federal state were divided up among the regions using the maximum load key.

12.3.9

Thermal power plants

Regionalisation took place in accordance with the specifications from the expert assessor
meeting in April 2009 at known locations. The capacities per technology class and energy
source that were taken from the EWI time series were assigned to known power plants in the
regions.

12.3.10 Comparison between application situation and new power
plant construction
If you compare the new constructions in the respective energy source classes and the regionalisation thereof to new power plants with the orders received by TSOs for qualified grid connection requests for new conventional power plants in the first quarter of 2008, a significant
difference becomes evident. New hard coal power plants with capacity of about 17 GW and
new gas power plants with more than 9 GW were not taken into consideration in the market
modelling. On the other hand, the capacities for lignite-fired power plants are higher than the
capacities in the TSO applications for grid connection.

12.3.11 Abroad
The respective exchange with the foreign TSOs in accordance with the EWI data is individually divided pro rata to the associated coupling power circuits with connection to the regions
in accordance with their thermally permitted transmission capacity. The physical exchange is
arranged so that it corresponds with the economic exchange in accordance with the market
model. Technical implementation could take place by means of installing additional operating
equipment to control load flow, or by producing special switching conditions. The ordered
annual duration curve of the exchange capacities between Germany and Holland and Germany and Poland will be shown here as an example. For example, according to the market
model a power exchange of 5,350 MW with Holland (Figure 12-4) and a power exchange of
2,500 MW with Poland (Figure 12-5) took place in hour 256.
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Figure 12-4:
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Figure 12-5:

Sorted annual duration curve of bilateral power exchange between
Germany (DE) and Poland (PL)
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12.3.12 Regionalisation overview
The following illustrations provide an overview of the infeeds and loads in the individual regions. They apply to all nine of the variants that have been examined. In the variants with
storage (050/100) there is additional storage (CAES or H2) in regions 81, 83, 21 and 22, and
new pumped storage construction in southern Germany, Switzerland and Austria in one variant: new pumped storage power plant construction in the south.
Figure 12-6:
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Figure 12-7:
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Figure 12-8:

Determined installed capacity (all powerplants in each region)
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Figure 12-9:

Regional balances (Maximum, Average and Minimum in each region)
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50HzT

amprion

EnBW

TenneT

Table 12-1:

Regionalised new construction of renewable energy
Run-ofriver/reservoir
water

Wind (onshore)

Wind (offshore)

PV infeed

21

3941

3850

366

367

22

4434

8210

492

370

23

3016

665

41

513

24

1405

615

41

123

25

476

1576

274

531

26

31

1415

2521

477

41

194

641

69

90

42

425

2565

1370

437

71

2528

507

96

72

383

1608

220

73

948

1407

220

74

1120

402

96

83

75

1083

2410

411

459

76

63

515

301

174

81

10134

82

2010

Biomass

1220

1190

10

238

7

83

2748

610

82

528

84

4037

649

110

315

Other RE

419

12.3.13 Result of regionalisation
The infeed and consumed power of the following influencing variables can now be balanced
for each of the examined 8,760 hours for the 18 German regions:
-

Grid load including grid losses
Wind energy including associated offshore wind energy
Photovoltaics
Biomass and biogas systems
Other renewable energy sources including run-in-river and reservoir water
Nuclear energy
Lignite-fired power plants, including cogeneration plants
Hard coal power plants, including cogeneration plants
Natural gas power plants, including cogeneration plants and block heat and
power plants
- Pumped storage power plants
- Demand Side Management (DSM)
This results in 18 time series of the regional balances and 9 time series of the foreign exchange (AT, BE, CH, CZ, DK-W, FR, NL, PL, NE (Northern Europe: DK-O, NO, SE)).
This results in the following total balances for the section introduced in Figure 12-10:
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Figure 12-10:
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The balance calculation for individual regions is shown in more detail below. Both areas with
excess generation and areas with requirements can be identified.
These balance calculations on the basis of the market model data from part I formed the basis
for strategic identification of the non-transmissible power using the PTDF procedure.
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Figure 12-11:

Example of sorted balances of the regions 21 und 81 showing „surplus of generation“
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Figure 12-12:

Example of sorted balances of the regions 75 und 42 showing „surplus of demand“
region 42
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Criteria for the need for a new line or line reinforcement result from the physical requirements
of maintaining the equilibrium of generated and purchased power in the regions:
-

-

-

The generated excess power (generation minus own consumption in balance calculation area) cannot be reliably taken away via the existing line connections because of
generation increase in a region (balance calculation area).
The construction of new power plants and/or the decommissioning of power plants
and/or trade-related and/or storage-related changes to power plant usage can lead to
high loads beyond the regional borders.
High loads can occur on the interconnectors at one or more regional borders as a result
of international electricity trading.

These criteria can also occur more or less simultaneously.
In principle, the connection between transmission requirements and grid extensions at a regional border can be depicted as shown in Figure 12-13:
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Figure 12-13:

Schematic diagram of grid extension at regional borders
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In the event of a structurally related increase in transmission demand, new construction is required and sustainable if grid optimisation and reinforcement has already been implemented.
Grid reliability is maintained if the transmission capacity is increased in good time by means
of grid extension.

12.4

Use of the PTDF procedure

12.4.1

Grid model

The grid model for determining the PTDF matrix is based on the grid extension status that is
anticipated for 2015. This grid extension status includes:
TEN-E projects with a planning horizon up to 2015
Identified measures from the 2005 dena grid study for the year 2015
Grid extension measures in accordance with Section 1 para. 1 of the EnLAG with project nos. 1 (partially), 2 - 13, 15, 17, 20 and 21 that are enclosed in the appendix to the
law (some of these projects are also measures from the dena grid study of 2005 and
TEN-E projects)
Continuation of the gradual change from the 220 kV voltage level to the 380 kV voltage level with the associated grid extension and grid conversion measures
264

Identifying non-transmissible power

The underlying topology of the grid model includes the entire German transmission grid that
is anticipated for 2015, up to the ownership boundaries to foreign TSOs taking subordinate
grids into consideration.
The main task of the power flow calculation is to provide a concrete depiction and modelling
of the current and voltage distribution and physical power flows in the grid. Assuming a given
grid condition, the power flows and loads of the individual grid elements and operating
equipment, the voltages at the grid nodes and the power losses can be determined. When doing this, the calculation looks at determining the operating status of an electrical energy
transmission system in a fault-free symmetrical case.
The objective is to adhere to the voltage limits and load limits of the individual operating
equipment (lines, cables, transformers, current transformers etc.), minimise the losses in the
transmission grid and adhere to appropriate reactive power losses whilst examining the electrical energy transfer.
The transfer behaviour of three-phase systems can change depending on the load (capacitive
or inductive reactive power requirement). If the grid is subjected to load by an undesirable reactive current, this leads to a voltage drop via the grid impedance and a reduction at the grid
nodes. Since the transportation of reactive current is ineffective for physical reasons and has
to be provided locally as a result, a balanced reactive power situation is desirable in the
transmission grid, and/or reactive power transportation should be avoided.
The main focus is on the distribution of power flows from a planning point of view.
The power flows can be determined using simplified methods, as described below.

12.4.2

PTDF matrix

The PTDF (Power Transfer Distribution Factors) procedure is intended to determine power
flows in the system - not in an iterative way but pseudo-analytically. The PTD factor represents the relationship between the respective actually occurring current and/or power flow and
the total energy flow of the (e.g. economical) power transaction and/or the power exchange
between two nodes A and B within a transmission system.
The PTDFs are defined as the change to the active power flow on a line and interpret the
question of actual power distribution in a simplified way, since every changing exchange can
affect the power flows via all lines and boundaries in the grid sometimes more, sometimes
less. The PTD coefficient therefore describes the magnitude of the physical flow between two
neighbouring nodes as a result of the exchange.

PTDFabA

PTDFabA

B

B

Pab
P

(1)

= PTD factor / ratio, can also be expressed as a percentage

B = Transaction of power from node A to node B
ab
= Line between node A and node B
Pab = Power flow change on line ab
P
= Power flow of power transaction from node A to node B
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Figure 12-14:

PTDF transport model
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Source: see Duthaler (2007)

Figure 12-14 clarifies that the power flow in a transaction from node A to node B is not just
distributed via one branch ab, but (physically correct) via several branches if power P is fed
in at node A and simultaneously removed again at node B.
For a full depiction of the power flow allocation, the individual PTDFs of the lines are summarised in a matrix. In order to do this, all situations and "i-j pairs" in the basic grid model
have to be simulated in which a power transaction from node i to node j is depicted. Furthermore, the transitivity characteristic of a PTDF method defines that the PTDF of line ab for a
transaction from node A to node B results from the difference of the PTDF of line ab for the
transaction from node A to node x and the PTDF of line ab for a transaction from node x to
node B.

PTDFabA

B

PTDFabA

x

PTDFabx

B

(2)

This means that in a matrix determination, all other exchange possibilities in the grid model
can therefore be determined by quick and easy use of the transitivity characteristic and superimposure by defining a fixed drain as a reference node and determining the PTDFs of the
lines for all possible transactions to this individual fixed drain. This reduces the amount of
time and calculation effort considerably. By means of the example power flow calculations
and the ratio display or percentage power distribution on the lines, the PTDF matrix clearly
shows the percentage distributions of an exchange from each node and each neighbouring
node to all regional boundaries.
A detailed portrayal of the transmission system for determining the PTDF matrix makes it
necessary to have an extremely large number of simulated transactions in spite of the advantageous transitivity characteristic. Several nodes are therefore combined or reduced into regions in practical use.
In order to determine the PTDF matrix, a constant exchange of power was calculated for a
reference region with the grid model using the INTEGRAL load flow model for each region
and each neighbouring country.
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12.4.3

Procedure for determining approximate power flows

The PTD factor represents the ratio between the respective actual physically occurring power
flow and the total energy flow of the power exchange between two nodes/ regions. For full
portrayal of the load flow allocation, the individual PTD factors are summarised in a matrix
and therefore describe the "passive" grid topology.
Because of the example power flow calculations using the PTDF methodology, the percentage
distributions of an exchange from any region and any neighbouring grid to all regional
boundaries are known.
For each hour (8,760 situations) the proportional power flows are determined for each of the
regions by multiplying the PTDF matrix and the infeed matrix. This results in the flows at
each regional boundary, with the correct prefix sign.

12.5

Estimate of maximum capacity values for 2015 between the regions

12.5.1

Boundary definition

The percentage distribution of this power flow to the regional boundaries has been determined
for the respective foreign and domestic regions. The proportional power flows have been determined for each of the regions in accordance with the region balances for the selected scenarios. The superimposure of the proportional power flows (with correct prefix sign) over
each regional boundary produces the resulting active power flow over this boundary. The
principle of simplification using the PTDF procedure has been used here in such a way that
the lines within a region are not taken into consideration.
Aggregation to gain regions for the PTDF-transport model

simplification

Figure 12-15:

Only the interconnectors between the regions are therefore examined, and the calculation results are evaluated in relation to these boundaries.
The flows between the individual regions can be determined using the PTDF procedure. Accordingly, the loads of circuits can be determined for these areas alone. These are determined
and evaluated later between the German regions.
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12.5.2

Determination of maximum capacity values between German regions and foreign countries

The transmission capacity of overhead lines in accordance with DIN is described by the permissible continuous current Id with a maximum conductor temperature of 80 °C at an air temperature of 35 °C under the effect of the sun and at a wind speed of 0.6 m/s. At temperatures
above 80° C the overhead conductors already show signs of weakening, meaning that the prescribed minimum conductor distance from the ground is no longer maintained.
The so-called thermal limit rating is also occasionally used as the maximum permissible permanent capacity at rated voltage instead of the permissible continuous current.
Sd = 3 Un Id
(3)
Reference is only made to the active power transmission via the boundary interconnectors for
the sake of simplification. This means that from the starting point of "natural" capacity of the
transmission system, only active power is transmitted, and the reactive power requirement is
assumed to be so small as to be negligible.
The possible transmission capacities are rounded to 10 MW from the thermally permitted
transmission currents Id of all circuits between two regions at rated voltage. A flat rate of 70%
is permitted for considering and estimating (n-1) security. (n-1) security must be determined
additionally in isolated cases.
Only the active power P is examined for determining the transmission capacity.
P

3 U

I cos

where: cos

1

(4)

The secured transmission is assumed with a factor of 0.7 in the meshed grid. According to
this, the actual transmission cross-section between the compound couplings is higher by a
1
.
factor of
0,7
This results in reliable, transmittable power where:
(5)
0,7 k 3 U n I d
where:
Püb =
Transmittable power
k
=
Number of circuits
Un =
Rated voltage (380 kV and 220 kV)
Id
=
Thermally
maximum
permissible
continuous
current / rated power
The maximum capacity value for transmission between two regions results from the sum
total of the permissible transmission capacities of all boundary interconnectors.
The possible transmission capacities between two regions at rated voltage were determined
from the thermally permissible currents of the circuits (rounded to the nearest 10 MW). 70 %
thereof is permitted for taking (n-1) security into consideration. The maximum capacity values between the regions result from the sum total of the permissible transmission capacities of
all cross-border circuits and also transformers, if necessary (rounded to the nearest 100 MW).
The flat-rate figure for a permissible load of up to 70% in the basic case for providing (n-1)
security in the transmission grid is based on empirical values. Adherence to (n-1) security
with an average circuit load of 70% in fault-free condition is based on the assumption that the
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power flow is optimised by variable switching conditions, impedance adaptations of lines and,
of necessary, the use of elements that control load flow.
12.5.2.1

Basic grid

The basic grid is based on the grid extension status that is anticipated in 2015, including the
TEN-E and EnLAG projects that can be implemented by then, and the measures that were
identified as necessary by 2015 in the 2005 dena grid study. The local grid adaptations that
are necessary between now and 2015 because of changes to the generation system and coupling with subordinate grids have also been taken into consideration.
The possible transmission capability in the basic case was described in Section 12.5.2.
12.5.2.2

Use of the potential map (OLM)

The effects on the need for development and/or storage in the transmission grid were examined on the basis of the potential described in Section 9 for temporary load increases on overhead lines depending on the ambient conditions (OLM).
When OLM is used, the existing operating equipment (both on the selected overhead lines and
the relevant operating equipment in the substations) must be adapted, or even replaced in
some cases.
Assuming that the OLM measures are carried out, the flat-rate increased transmission capacities between the regions are individually taken into consideration in the methodology for determining the capacities that cannot be transmitted using the existing grid.
The upper current-carrying capacity limit for all lines is set at a flat rate of 4,000 A in this
study, subject to additional dynamic studies that are needed to check the effects on the overall
system. It can be expected that 380 kV switchgears and other operating equipment will be
available for this standard value in future. The individual maximum current of transmission
routes is limited by the characteristics of the grid protection and the system stability, and has
to be determined separately.
12.5.2.3

High-temperature cables (TAL)

TAL (temperature-resistant aluminium/stalum) cables, also known as "high-temperature cables", can be used for overhead lines in order to be able to transmit higher currents than a
standard cable (AlSt) with the same cable cross-section without reducing the mechanical stability of the cables. On the assumption that the existing overhead lines were replaced with
high-temperature cables (TAL), a load of 150% in relation to the basic transmission capacity
(irrespective of the ambient conditions) was chosen as an alternative to the OLM variant in
this study. The associated permissible cable temperature of up to 150°C causes increased
length expansion with this type of cable. In order to maintain the required ground clearance,
the masts must be made higher and reinforced.
Possible congestions in other components in a transmission route such as clamps, converters
etc, were not examined in this study and have not been taken into consideration. Other boundary conditions to be taken into consideration have been shown and explained in Section 9.
As described in Section 12.5.2.2, a power limit value of up to 4,000 A is anticipated, whereby
here again the individual maximum current of transmission routes is limited by the character269
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istics of the grid protection and the system stability, and would have to be determined separately.

12.6

Determination of non-transmissible power

The basics of determining non-transmissible power are the simultaneous power flows over all
51 regional boundaries from the balance calculations of the regions and the maximum capacity values for all 51 regional boundaries in the respective variant. The "non-transmissible
power" can be determined on the basis of the regional balance calculations and the exceeding
of the transmission capacities of the interconnectors. Because of the example power flow calculations and the PTDF matrix, the percentage distributions of an exchange from any region
and any neighbouring grid to all regional boundaries are known.
The power exchange is determined for the respective regional balance calculations and the
balances of the neighbouring grids. The superimposure of these 26 proportional power flows
(with correct prefix sign) over each regional boundary produces the resulting active power
flow over this boundary. This procedure is used for all 8,760 hours of each variant.
For all regional limits, the power to be transmitted is compared with the maximum capacity
value for each individual hour. At the 19 borders to foreign countries, exceeding of the limits
is avoided by means of restriction to the respective maximum capacities in the market model.
If power of Pist > Püb is transmitted via a line, the non-transmissible power P x results from the
difference between this where:
Px Pist Püb
(6)
Various sections have been examined in order to determine the non-transmissible power in
accordance with the task in hand. The maximum power that cannot be transmitted simultaneously resulted for the boundaries south of regions 21 and 22 and west of regions 81 and 83
(Figure 12-10).
The time series for exceeding and undershooting the maximum capacity were used for storage
dimensioning in part III.
The non-transmissible power at the boundaries, which has to be integrated in the transmission
grid, was determined for the individual regions. As an initial overview of the measures that
are needed – specifying the respective flexibilisation option in the nine variants – all boundaries with network strengthening requirements are marked in red in Figure 12-16.
As an example of the result of the investigations, the non-simultaneously non-transmissible
power between the regions for the nine variants islisted in a table in Table 12-2.
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Figure 12-16:

Regional boundaries with non-transmissible power (Source: TSOs)

Variant BAS 000

Variant OLM 000

Variant TAL 000

Variant BAS 050

Variant OLM 050

Variant TAL 050

Variant BAS 100

Variant OLM 100

Variant TAL 100
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Table 12-2:

Non-transmissible power between the regions

Region 1

Region 2

BAS
000

BAS
050

BAS
100

OLM
000

OLM
050

OLM
100

TAL
000

TAL
050

TAL
100

D21
D21
D81
D22
D22
D22
D23
D23
D23
D23
D24
D24
D24
D81
D81
D83
D24
D24
D25
D25
D25
D26
D41
D42
D42
D41
D71
D71
D72
D72
D73
D74

D82
D22
D82
D82
D71
D23
D24
D71
D73
D81
D73
D74
D83
D83
D84
D84
D75
D25
D83
D26
D41
D76
D42
D75
D76
D75
D72
D73
D73
D74
D74
D75

4056
542
152
2795
4560
1246
347
619
1296
743
83
1308
2431
182
4206
344
2875
1990
839
1693
2108
329
45
2379

3016
338
361
2017
3689
932
507
478
1191
1429
254
2130
2114
222
3843
307
2752
2047
1193
1608
1820
161
26
3031

3246
236
62
1979
4019
1849
435
380
976
943
661
2169
1956
55
3214
125
2578
2067
1207
1739
1703
124
50
2712

2114
542
1795
3360
347
519
1296
743
708
2215
182
3690
89
2718
1841
839
1593
1908
129
45
2379

2509
316
1225
2815
524
506
1144
1368
1636
1893
217
3420
126
2630
2073
938
1600
1689
52
38
2957

1563
1079
3256
333
427
386
749
736

1956
295
2960
119
96
131
2606
1775
590
693
45
-

1576
2511
115
172
93
2636
1835
730
799
35
-

1003
2273
53
80
1980
1541
504
680
30
-

1008
1750
1532
89
2982
2352
1815
1162
1629
1534
65
2644

Source: TSOs
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13

Determining the grid expansion requirement

This section describes how power flows between the regions can be estimated from the regional power balances using the PTDF approach (Power Transfer Distribution Factor). Comparing these power flows with the transmission capabilities that are anticipated in 2015 results
in the additional transmission capacity requirement that is subsequently transferred into discrete line connections between the regions.
The PTDF procedure is a simple tool with which load flows between different regions can be
approximately determined for a large number of different generation scenarios. Voltages, reactive power and transmission losses cannot be directly calculated using this procedure.
PTDF procedure
The PTDF procedure is a simple tool with which load flows between different regions can be
approximately determined for a large number of different generation scenarios. Voltages, reactive power and transmission losses cannot be directly calculated using this procedure.
The transmission capacities over the regional boundaries that are determined using the PTDF
procedure are compared with the potential transmission capability between these regions.
Transmission capability
As far as the level of transmission capability is concerned, a distinction is made between three
grid loading variants:
Basic variant (BAS) = 100% of the individual loadability of the overhead lines
Overhead line monitoring (OLM) = Loadability of overhead lines in accordance with
the potential indication map from Section 9 or Table 13-2.
High-temperature cables (TAL) = 150% of the loadability of the overhead lines from the
basic case
Variants
Overall, the three different market scenarios are examined taking energy storage into consideration:
000 = Only using pumped storage power plants that are available in 2015
050 = Storage of 50 % of the regional power that cannot be transmitted after 2015 without extending the grid
100 = Storage of 100 % of the regional power that cannot be transmitted after 2015
without extending the grid
Hourly averages are examined, which results in 8,760 discrete load flow cases per variant. A
total of nine variants will therefore be examined:
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Table 13-1: Variant description
No use of storage AA-CAES for 50 % H2 storage for 100 %
Market scebeyond the pumped of the regionally non- of the regionally nonnario/
transmissible power
storage power plants transmissible power
Grid load
Basic grid
Overhead line
monitoring
Hightemperature
cables

BAS 000

BAS 050

BAS 100

OLM 000

OLM 050

OLM 100

TAL 000

TAL 050

TAL 100

Source: TSO

13.1

Determining the additional transmission capacities that are required at regional boundaries affected by congestion

Basic procedure
In the first step, the power flows over the regional boundaries resulting from the regional balance calculations using the PTDF procedure are compared with the respective permissible
transmission limits. Fictitious lines are then modelled by making opposing changes to the balance calculations of neighbouring regions, and the effect thereof on the overall grid is checked
in all 8,760 situations.

13.1.1

Circuit load capabilities

In the basic variants (BAS) the permissible transmission capability for all situations results
identically from the individual circuit loading capabilities of the lines connecting the regions
under normal conditions.
In the three variants with overhead line monitoring (OLM), the permissible loading capability
for each of the 8,760 situations and each region boundary is determined in accordance with
the relative wind energy infeed in Northern and Eastern Germany and the potential shown in
Section 9 for each load case. The limit increases compared to the basic variants result as
shown in the following table:
Table 13-2:
Limit adaptation of circuit loadability in variants with OLM
Wind energy infeed
Less than 50 % From 50 %
From 80 %
Coastal areas
100 %
140 %
150 %
North German Plain
100 %
120 %
130 %
Other areas
100 %
105 %
115 %
Source: TSOs

For the three variants with high-temperature cables (TAL) the circuit load capabilities of the
basic variants are increased by a flat rate of 50 % for all regional boundaries and all load
cases.
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A current of 4,000 A is assumed as the maximum loading capability of individual power circuits in the (n-1) case in all variants (see Section 13.2.2.2). Operating equipment such as circuit breakers, isolators and current transformers are currently available for this value. The effects of these significantly higher currents (compared with the current situation) on
neighbouring and subordinate grids or dynamic stability and the current protection devices are
estimated to be critical, but are not the subject of this study.
As explained in the introduction, the power distribution in the three-phase grid can be calculated for a large number of load and infeed situations with relatively simple means using the
PTDF procedure. This would be extremely complicated with a load flow calculation program.
There are a total of 78,840 load flow situations for the total of nine variants that are being examined, each with 8,760 infeed and load hourly values.
The construction of additional transmission routes in a complex, meshed three-phase system
extending over the whole of Germany has considerable effects on the entire system. It would
be extremely difficult to recreate the PTDF matrix and perform new calculations after every
topology change that would locally rectify congestion.
For this reason, the following procedure was used:
1) The profiles of the transmission capacity and the maximum non-transmissible power
are determined between two connected regions.
2) The existing connection between two regions is relieved proportionally to the original
transmission profile taking the PTFD into consideration by means of opposing balance
calculation changes for each load case.
3) The effects of these balance calculation changes on the affected regional connections
and the other regional connections are checked for all 8,760 load cases using the
PTFD model.
4) Steps 2) and 3) are repeated until no more "non-transmissible power" exists, while the
existing grid is fully utilised at the same time.
At the end of the above-mentioned procedure, three results are available for each variant:
-

Load trends for the grid as it exists in 2015,
Additional power from network strengthening measures for all regional boundaries
and
Load trends for the additional lines per regional boundary.
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13.1.2

Iterative procedure for determining additional transmission
capacities

In order to determine the minimum additional grid extension for the whole of Germany, a
procedure was used that is described below.
It is basically true that opposing balance calculation changes in connected regions affect the
load on all interconnectors connecting the regions. Depending on the boundary, there is a correlation of between 4 % and 98 %, with an average of 53 %. This factor specifies the proportion of a balance calculation increase in region 1 and a balance calculation decrease in region
2 that is compensated for between these regions via the direct connection. On the other hand,
this can be used to estimate the balance calculation changes that are needed to compensate for
overshooting.
Figure 13-1:

Example of use of the PTDF method for determining the transmission capacity

Source: TSOs, own representation

An example of a small network is shown in Figure 13-1 in which the PTDF, i.e. the factors
that approximate the reciprocal values of the grid impedances as a matrix, are 0.1, 0.3, 0.4 and
0.2 from left to right. The connection L4 between nodes A and B has a transmission capacity
of 1,200 MW, but is loaded with 1,600 W in the load case that is shown. In order to rectify the
non-transmissible power of 400 W, the balance calculations of nodes A and B must be modified in an opposing way in accordance with Equation 13-1.
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Equation 13-1:

Balance calculation adaptation from PTDF and non-transmittable
capacity.

Nicht _ übertragbare _ Leistung ( L 4)
PTDF ( A
B) für _ L4
Numerically, this produces a need for

BilanzanpassungAuB
400MW
0,4

1000MW balance calculation adaptation.

This example calculation shows that it is not sufficient to construct additional capacity to the
level of the "non-transmissible power" of 400 MW in order to rectify the congestion. The balance of node B must be increased by 1,000 MW and the balance of node A must be reduced
by the same amount. In the logic of the transitivity of a PTDF matrix, the power flow is then
distributed as shown by the green arrows in Figure 13-1. The superposition of the power
flows on connection L4 of 1,600 MW from A to B and 400 MW from B to A leads to a resulting power flow of 1,200 MW from A to B on connection L4, which represents the permissible
limit.
This capacity value is determined and shown as the first approximation for the transmission
capacity to be added between two connected regions.
The process is iterative, since, as has already been mentioned, balance changes in connected
regions also affect other regional boundaries and may therefore cause overloading on lines between other regions that did not exist before the change.
If differences appear between the maximum occurring utilisation of the new transmission capacity and its rated capacity after simulating all approximated transmission capacities for
all regional boundaries, these are shown as new overloads or free capacities between
neighbouring regions.
New approximations for adapting the additional transmission capacities are only determined if
the change to the regional balances would have to be at least 100 MW more or less, otherwise
the shown additional transmission capacity is regarded as optimised (iteration limit). If the
power from new transmission capacities that need to be created is now gradually adapted to
the approximation values, this results in a certain number of adapted required transmission
capacities between connected regions, while avoiding overloads and with a minimum amount
of reserve.

13.1.3

Performing the PTDF procedure for Germany

The regional load profiles, exchange capacities with foreign countries and infeeds from regenerative sources are combined with the power plant deployment for 2020 that was determined by EWI with the grid topology of the German transmission grid for 2015 in order to estimate the amount of new construction that is required in the German transmission grid.
Firstly, the maximum non-transmissible power over the regional boundaries is determined for
all nine variants, and then the minimum required capacity of the extension grid is determined.
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13.1.3.1 Non-transmissible power
Table 12-2 shows the non-transmissible power over the regional boundaries of the German
transmission grid as extended in 2015 with the transmission requirement that is predicted for
2020.
It can be seen that the non-transmissible power in the OLM variants is no more than it is in
the basic variants, and that the TAL variants have even less non-transmissible power. The
variants without additional storage (000) are based upon the same energy management scenario. The effects of the OLM and TAL measures can be directly compared with the BAS
variant for this purpose. For each of the other six variants
modified energy management scenarios were used, since the non-transmissible power to be
compensated for with storage varies in every one of the six cases.
13.1.3.2 Grid extension requirement
The result of the use of the procedure described above on the nine variants is shown in Table
13-3. The abbreviation BAS stands for the basic variants, OLM for the OLM variants (overhead line monitoring) and TAL for the TAL variants (high-temperature cabling). The following numbers (000, 050 and 100) specify the proportion of storage capacity of the nontransmissible power without extending the grid.
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Table 13-3:
Reg.
1
D21
D21
D81
D22
D22
D22
D23
D23
D23
D23
D24
D24
D24
D81
D81
D83
D24
D24
D25
D25
D25
D26
D41
D42
D42
D41
D71
D71
D72
D72
D73
D74

Required additional transmission between regions
Reg. BAS BAS BAS FLM FLM FLM TAL
TAL
TAL
2
000
050
100
000
050
100
000
050
100
D82
0
0
0
0
0
0
0
0
0
D22
3000 2000 1900 2400 2400 1300 1300 1000
300
D82
0
0
0
0
0
0
0
0
0
D82
0
0
0
0
0
0
0
0
0
D71
0
0
0
0
0
0
0
0
0
D23
9600 7500 7100 8000 6500 7000 6900 5900 5500
D24
0
0
600
0
0
0
0
0
0
D71
0
0
0
0
0
0
0
0
0
D73
6200 4600 3300 5900 5300 5200 1900 1500
600
D81
3100 2300 2500 2300 1800 2000
0
0
0
D73
0
0
0
0
0
0
0
0
0
D74
0
0
0
0
0
0
0
0
0
D83
0
0
0
0 1000
100
0
0
0
D83
2500 3200 5600
0
0
700
0
0
0
D84
0
0
0
0
0
0
0
0
0
D84
200 1000
200
800 1900 1700
0
0
0
D75
0
0
0
0
0
0
0
0
0
D25
0
0
0
0
0
0
0
0
0
D83
7300 6800 6600 5900 5200 5200 5300 5500 4200
D26
0
0
0
0
0
0
0
0
D41
7000 6600 6600 6000 5400 5300 5400 5600 4700
D76
0
0
0
0
0
0
0
0
0
D42
2100 1900 1500 1900 1300 1100
0
0
0
D75
0
0
0
0
0
0
0
0
0
D76
500
900 1000
600
800
900
0
0
0
D75
3400 3500 2900 3900 4100 3900
0
100
300
D72
0
0
0
0
0
0
0
0
0
D73
0
0
0
0
0
0
0
0
0
D73
0
0
0
0
0
0
0
0
0
D74
0
0
0
0
0
0
0
0
0
D74
3800 3000 2600 4300 4100 4200 2800 2500 2300
D75
2000 2800 2100 2600 3500 3100
0
0
0

Source: TSOs

The procedure that is described leads to a clear and reproducible solution. However, the following restrictions must be noted when the results are implemented in actual new line construction.
An additional transmission requirement is only shown between regions that are already directly interconnected in 2015.
The transmission requirement does not necessarily have to be covered by the connections
that are shown, e.g. part of the transmission from D21 via D22 to D23 can also be implemented directly via a connection from D21 to D23. The same also applies to the connection D22 via D23 to D73, which can also be routed from D22 via D71 to D73. This was
deliberately not examined because the work involved in preparing the study would have
increased significantly because of this, without basically acquiring additional knowledge.
The maximum capacities over the regional boundaries are determined (maximum capacities
within a region are not examined). Figuratively speaking, the regions are large "copper
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plates". In order to counteract the situation whereby only minimally short additional construction connections can be shown between these copper plates and to be in a position to be able
to determine equivalent realistic magnitudes for each network strengthening technology that is
being investigated, it is assumed that reinforcement up to the geographical centre of the respective regions must be provided in order to rectify congestion occurring at the regional
boundaries. This makes it possible to separately examine an independent extension grid. As
can be seen in Figure 12-1 , the whole of Germany is spanned by an additional grid that
should be able to take over the power flows for which the existing grid cannot provide further
transmission capacity.
In the actual implementation of the required grid extension, depending on the transmission
technology that is going to be used it would be feasible for the required reinforcement to have
to extend beyond the geographical centre of a region, and also for the reinforcement that is required to be limited to a short section of the line in the regional boundary area.

13.1.4

Effectiveness of energy storage systems

A basic idea of this grid study is that grid extensions can be completely (100 % storage) or
partially (50 % storage) avoided by the specific use of energy storage systems in regions with
a temporary high power surplus and limited transmission capacity. When the relevant values
of the additional transmission requirement with and without storage systems from Table 13-3
are compared, it emerges that the effect is nowhere near as great as expected. The cause of
this will be explained by way of example below.
For the regional boundaries from D22 southwards (D23 and D71) in Lower Saxony, nontransmissible power of 4,560 and 2,795 MW is shown, i.e. a total of up to 7,355 MW in the
BAS variant without grid extension after 2015. The storage in the market model was dimensioned for this value and used in accordance with requirements. The storage capacity was
modelled to equal proportions in regions D21 and D22 in the PTDF model.
For the basic variant and the energy management usage scenario with storage of 100 % of this
power, this results in storage use in regions D21 and D22 in accordance with Figure 13-2. On
the right-hand side it shows that electrical energy is fed in at no less than the level of the nontransmissible power and on the negative side of the ordinates it shows that no more than the
power for which transmission capacity is available in the grid according to the previous calculation is fed out.
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Figure 13-2:

Storage capacity and non-transmissible power in variant BAS 100
without grid extension
Use of stored Power vs. non transmissible resp. free Power in Year 2020
for Lower Saxony (D22 to D71 and D23) in Variant BAS 100
9000
7500
6000

Use of stored power (MW)

4500
3000
1500
0
-1500 0

-1 2500

-10 000

-7 500

-5000

- 2500

0

25 00

5000

7500

-1500
-3000
-4500
-6000
-7500
-9000

Non tra ns missible (+) resp. free (-) Power (MW)

Source: TSO, EWI)

This means that the additional transmission requirement that is needed between regions D22
on the one side and regions D23 and D71 on the other side should theoretically reduce by this
value of approx. 7,500 MW. According to Table 13-3 the additional required capacity from
region D22 towards the south is reduced from 9,600 MW to 7,100 MW, i.e. only by a third of
this value.
It is therefore evident that storing power in a region only leads to partial power flow relief. An
important reason for this is that behaviour in accordance with the market is also assumed if
energy storage systems are to be built in Germany for the purpose of relieving the grid. This
means that some of the power that is going to be fed in may be provided by power plants or
neighbouring regions that are in close physical or electrical proximity to the energy storage
system. Another reason is that feeding power into a region in accordance with the distribution
factors of the PTDF matrix only leads to partial power flow relief over the regional boundary
affected by congestion.
The following example situations that were specifically examined should help to clarify this
finding:
These example situations with identical basic data with regard to load and infeed show that
the use of storage systems can help to relieve the grid, but can also be ineffective in this respect.
In unfavourable situations a storage system can even cause overloads that would not have occurred without a storage system.
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Variant A without the use of the storage system connected to area 2 can be seen on the left. In
this variant the excess power in area 2 leads to overloading of the connecting channels between area 2 and area 3 and between area 3 and area 4.
In variant B1 shown on the right, the storage capacity corresponds to the power that cannot be
transmitted from area 2 to area 3. The power surplus from area 2 for supplying area 4that is
reduced through storage is also generated in area 4. The transmission channel between area 2
and area 3 and also the transmission channel between area 3 and area 4 are only effectively relieved by selective power plant use in area 4.
Four areas for which generation and load are compensated are shown in diagrammatic form in
Figure 13-3 for this purpose. However, generation is varied in the four regions. The transmission capability between the areas is represented by the connecting channels, and the transmission requirement by the power flow arrows.
Variant A without the use of the storage system connected to area 2 can be seen on the left.
In this variant the excess power in area 2 leads to overloading of the connecting channels between area 2 and area 3 and between area 3 and area 4.
In variant B shown on the right, the storage capacity corresponds to the power that cannot be
transmitted from area 2 to area 3. The power surplus from area 2 for supplying area 4that is
reduced through storage is also generated in area 4. The transmission channel between area 2
and area 3 and also the transmission channel between area 3 and area 4 are only effectively relieved by selective power plant use in area 4.
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Figure 13-3:

Example of effective grid relief by using a storage system
Blue colour: Change of Power Plant Dispatch
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Result:

In this combination of storage system and associated generation, the scope of
grid extension can be reduced.

However, detrimental effects can also occur in other power plant usage situations for the same
energy management scenario and the identical grid extension, which are described below on
the basis of the four areas again in Figure 13-4.
In variant B2 the storage system connected to area 2 still takes up the non-transmissible
power between area 2 and area 3. The power that is needed to cover the additional "load" of
the storage system is now provided in area 1. The overload between area 2 and area 3 is still
rectified by using the storage system in area 2. The transmission capacity between area 1 and
area 3 is sufficient for the additional power flow due to the increased use of power plants in
area 1. The connecting channel between area 3 and area 4 remains overloaded.
Result:
In variant B2 the use of the storage system only leads to partial relief of the
grid.
In variant B3 the power that is required to cover the additional load for the storage system is
now provided in area 2. The power that is taken up by the storage system for relieving the grid
is directly generated in area 2. The load of the transmission channels in variant B3 therefore
corresponds to output variant A.
Result:
the storage system is ineffective with regard to relieving the grid.
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Figure 13-4:
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Examples of storage system use without sufficient grid relief
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The cases shown by way of examples have been simulated in the study.
In all variants there is a power equilibrium consisting of generation and load, whereby the
process of storing electricity must be assigned to the load. This additional load must be compensated for by appropriately higher generation. In the completely market-based model, the
additional generation takes place in the most cost-effective available power plant (merit order).
Finding:
If this power plant is in an area that is free of grid congestion, the grid can be
relieved. This tends to avoid simultaneous transmission losses in the electricity
grid.
If the currently available lowest-cost power plant is in the immediate vicinity
of the storage system as in variant B3, for example, no grid relief occurs.
As a result it can be noted that the use of storage systems can contribute to relieving the grid if
the power that is required for storage is obtained from a certain generation unit that is outside
the grid congestion area, which generates an opposing power flow that overlaps the original
flow and provides relief.
Optimum use of a storage system is therefore dependent on a joint approach by the grid and
the market. The additional power plant use caused by the storage can therefore depict the effect of a virtual line in this model, with grid loss reduction.
Since the lowest-cost available power plant was often at the same side of the grid congestion
as the storage facility without taking grid requirements into consideration in this study, and
therefore no opposing grid-relieving power flow was generated, no significant reduction in the
additional grid extension requirement could be identified by using storage systems.
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13.1.5

Overhead line monitoring (OLM) and TAL cabling

A reduction in the additional transmission requirement with greater utilisation of the existing
grid of 2015 is evident from Table 13-3 for the variants without storage systems (000). This
means that the total required transmission capacity in variant OLM000 is 6.1 GW less than
the 50.7 GW in variant BAS000, for example. This transmission capacity requirement, which
is 10 % lower because of OLM, must be seen in addition to the effect of the use of OLM that
is already taken into consideration in the BAS variants in North-West Germany.
There are small transmission requirement increases in the transition from the normal loadability of the overhead lines to overhead line monitoring (OLM). For regional boundary D83-D84
(Saxony-Thuringia area), for example, the additional transmission requirement increases from
200 MW to 800 MW if OLM is used. Figure 13-5 attempts to provide a reason for this unexpected effect.
Figure 13-5:

Example of load flow change when using OLM
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Source: TSOs

In the BAS 000 variant, additional transmission capacity (red arrow) must be created between
regions D81 and D83 in order to avoid overloads in the existing grid (black arrows). Some of
the power from region D81 flows via region D84 and causes a limit violation between regions
D84 and D83, which leads to an extension requirement of 200 MW. The additional transmission capacity between regions D81 and D83 is not needed if OLM is used. In order to do this,
part of the excess power from region D81 is routed via western regions and a proportion that
is 1,135 MW higher is routed via region D84 to region D83. Because of this, an increased extension requirement arises between regions D83 and D84, whereas no extension is required in
other areas.
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The above-mentioned effects of the changed power flows because of the use of storage systems and the load relocation with facilitation of greater utilisation of the existing grid lead to a
situation whereby more transmission capacity is needed in individual cases, even though the
overall loadability of the grid is increased. With OLM it must also be noted that greater loadability only exists in situations where a considerable amount of power is provided by wind
power plants (weather dependence of OLM).

13.2

Procedure for determining the extension requirement for corridor and circuit lengths

The PTDF model is based on regional power balances and a description of the compensation
for this power via the existing transmission routes. As shown in Figure 13-1, changes to the
power balances in the regions lead to changes to the power flows over the regional boundaries.
The usability of the PTDF model for modelling lines results from the following consideration.
The power being drawn in node A that is shown in Figure 13-1 and the simultaneous infeed in
node B can be technically achieved by means of a controllable direct current connection with
appropriate transmission capacity. The PTDF matrix and therefore the power distribution in
the existing grid are not affected by this. If the controllable direct current connection is replaced with a non-controlled three-phase connection, it must be assumed that the PTDF matrix is modified and would have to re-determined. However, there is also no change to the
power flow in the existing grid if the three-phase transmits exactly the power that is required
for changing the balance and has to be transmitted via the direct current connection. In this
case the PTDF matrix of the existing grid can be examined independently of the extension
grid. For this reason, only three-phase lines are modelled below, which have the characteristic
of transmitting exactly the required power for effectively relieving the existing grid due to
suitable adaptation of their impedance (e.g. using series compensation). Simultaneous maximum utilisation of the existing grid and the extension grid is achieved at the same time.
The transmission requirement between connected regions is determined in Section 13.1.2 as a
power value without length specification. These results must be implemented in transmission
channels with a defined number of circuits and length. In order to do this, first the coordinates
of the geographical centres of the German regions are defined, and then the straight-line distances between the centres of the connected regions are calculated. In order to take the connections to the neighbouring grids into consideration, the distances between the boundary
transitions of the interconnectors and the centres of the associated regions are determined.
This results in a model grid with 18 German nodes and 18 international connecting nodes in
accordance with Figure 13-6.
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Figure 13-6:

Node model with straight-line distances (specified in kilometres)

Source: bdew, TSOs

13.2.1

Modelling the existing grid

It is expected that the current grid can be extended to the required extent by 2015. In accordance with this planning, the current 380 kV circuit length of approx. 20,000 km will be extended by approx. 3,000 km by the year 2015. The regional boundaries at which these grid extension measures increase transmission capability are marked in green in Figure 13-7.
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Figure 13-7:

Regional boundaries with an expected transmission capability increase by 2015

Source: TSOs

The actual transmission grid by 2015 that is planned by the TSOs (see also Section 15.5.1
Grid model) will be converted to an extremely simplified model grid in accordance with Figure 13-6. The connections via the regional boundaries with their associated rated voltages and
transmission capabilities will be combined and fictitiously extended to the centres of the connected regions. This results in transport channels with transmission capacities, lengths, impedances and operating capacities. The lengths of this existing grid for the year 2015 result
from the straight-line distance of Figure 13-6 and a flat-rate path increase factor of 1.2. This
factor takes into consideration the fact that the grid is more densely meshed within the regions
and therefore has lower impedance than a direct connection, for which a path increase factor
of 1.3 (TSO empirical value) is used.

13.2.2

Modelling the extension grid for basic variants

The extension grid has the task of avoiding overloads in the existing grid for all transmission
tasks for a variant. The performance capability thereof must be adapted to the transport task
resulting from the market model, and the impedance thereof must be adapted to the characteristics of the existing grid if the power flow is purely distributed in accordance with
Kirschhoff's laws and cannot be controlled. These impedance adaptations ensure that the
PTDF model can be used.
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13.2.2.1

Technical solution

The 400 kV three-phase overhead line was identified as the best solution for all four transmission tasks of 1,000 MW and 4,000 MW over 100 km and 400 km in Section 10. Taking the
energy losses into consideration, the bundle of four overhead lines that is suitable for 4,000 A
is the most economical version, which costs 60 € per MWh at the average loss expectation
values. For this reason and in order to be able to take advantage of the benefits of standardisation, this cabling will be used with a rod for two systems (double cable) for all transmission
tasks and all variants for the design of the extension grid between 2015 and 2020.
13.2.2.2

Current-carrying capacity

The existing overhead lines are usually designed for thermally permissible currents of up to
2,720 A/circuit. Substations, isolators and transformers are available with current-carrying capacity of up to 4,000 A. Circuits that are operated in a meshed three-phase grid may not be
operated with current-carrying capacities that differ by too much for reasons of (n-1) security.
At present, current-carrying capacity of up to 4,000 A is sufficient for operating equipment in
the 380 kV grid. The maximum current-carrying capacity for circuits in the extension grid is
set to 4,000 A in order to avoid being dependent on the development of more powerful operating equipment. This corresponds to apparent power of 2,630 MVA/circuit with 380 kV. In order to take (n-1) security into general consideration, the usable transmission capacity in this
model grid with long lines and several parallel circuits is approx. 70 % or 1,840 MVA/circuit.
13.2.2.3

Active power and apparent power

The transmission of reactive power over large areas in a highly-utilised three-phase grid leads
to large voltage differences between the connected nodes. In the 380 kV circuit with 70 %
utilisation during normal operation of up to 2,800 A, reactance of approx. 50 Ohms over a
distance of 200 km and a charging capacity of approx. 150 Mvar that is described here, the
inductive reactive power requirement is approximately 1000 Mvar. The one-sided infeed of
1000 MVA
this reactive power would cause a voltage drop of
50 Ohm 76kV within the
380 kV
3
scope of a rough estimate. The permissible voltage range at the nodes of the 380 kV grid is
380 kV to 420 kV. This can only be maintained in relation to the grid nodes if the reactive
power that is needed by a long, highly-utilised circuit in the three-phase grid is fed in at both
sides. If the reactive power is provided in the opposite direction to the active power, the voltage level can be identical at both sides of the line (which is the preference).
The infeed of 500 Mvar from one side of the 380 kV circuit requires a reactive current of
approx. 760 A. The resulting amount of active current that can be transmitted simultaneously
is

(2800 A)² (760 A)²

2700 A / circuit. Approx. 4 % of the thermally permissible trans-

mission capacity would therefore be occupied by reactive power transportation. Accordingly,
a large proportion of the circuits of the AC extension grid would be linked to the existing grid
at suitable locations, where it could also be connected to compensation systems. Also, the operating voltage should not be at the bottom end of the permissible voltage range, since the
voltage range may not be exceeded in the (n-1) case either. The permissible utilisation of the
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AC extension circuits during normal operation is therefore defined at 1,840 MW/circuit. Implementation takes place using double lines in order to minimise the number of corridors and
have a simple expansion capability by applying a second circuit at a later date if necessary for
individual circuits.
13.2.2.4

Number of circuits

The required number of circuits for the transportation channels results from the transmission
requirement as shown in Table 13-3. In order to avoid adding a circuit for an extremely small
transmission requirement, the threshold from which an additional circuit is modelled is 125
MW. This corresponds to approx. 10 % of the (n-1) secure transmission capacity of a modern
standard circuit (4x265/35 AlSt).
The length of the circuits in the extension grid is determined uniformly with a path increase
factor of 1.3 from the straight-line distance of Figure 13-6.
13.2.2.5

Impedance adaptation

A voltage angle that is considered to be permissible between the connected nodes is used in
Section 14 as a secondary condition for the number of required circuits and the need for series
compensation. Using the PTDF model it is possible to derive the required impedance of the
extension grid from the load of the existing grid and the required transmission capacity of the
extension grid for each individual transport channel.
After determining the required number of circuits for transmitting power in the extension grid,
the impedances and transmission capacities of the existing grid and the extension grid are put
into relation for each transmission channel in accordance with Equation 13-2.
Equation 13-2:

Reactance determination for the extension grid (380 kV threephase)

If the reactance of the extension grid is greater than required, it would not be possible to relieve the existing grid to a sufficient extent. In the first step it is checked whether the number
of circuits in the transmission channel is odd or even. If the number is odd, a second circuit is
applied to the double line with only one circuit on it. This reduces the active and reactive
losses with minimum extension cost, and does not require additional space. If the impedance
is still insufficient, series compensation of up to 40 % of the reactance of a circuit is inserted
for each circuit in the transmission channel. In individual cases, this is also not quite sufficient. In this case, other elements that control the load flow such as phase shift transformers
(PST) are used in order to move the non-transmissible power from the existing grid to the inadequately utilised extension grid.
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13.3

Extension grid for all variants

The procedure described above leads to an extension requirement for circuits over the regional boundaries in accordance with Table 13-4. The number of circuits in the variants only
gives a limited indication of the advantage of one variant or the other, since the circuits have
different lengths.
Table 13-4:

Extension requirement for 380 kV circuits over regional boundaries
Number of BAS BAS BAS FLM FLM FLM TAL TAL TAL
Circuits
000 050 100 000 050 100 000 050 100
D21-D22
2
2
2
2
2
1
1
1
1
D22-D23
6
6
4
6
4
4
4
4
4
D23-D24
0
0
1
0
0
0
0
0
0
D23-D73
4
4
2
4
4
4
2
1
1
D23-D81
2
2
2
2
2
2
0
0
0
D24-D83
0
0
0
0
1
0
0
0
0
D81-D83
2
2
4
0
0
1
0
0
0
1
1
1
1
2
2
0
0
0
D83-D84
D25-D83
4
4
4
4
4
4
4
4
3
4
4
4
4
4
4
4
4
4
D25-D41
2
2
2
2
2
1
0
0
0
D41-D42
1
1
1
1
1
1
0
0
0
D42-D76
D41-D75
2
2
2
4
4
4
0
0
1
D73-D74
3
2
2
4
4
4
2
2
2
D74-D75
2
2
2
2
2
2
0
0
0
Sum
35 34 33 36 36 34 17 16 16

Source: TSOs

In Table 13-4, all variants without storage systems (000) have identical power plant usage and
exchange with foreign countries, and can therefore be directly compared with each another.
The other six variants with use of storage systems each have different power plant deployment and are therefore only comparable to a certain extent.
It is noticeable that considerably fewer additional circuits are required in the TAL variants.
However, the considerable amount of money, time and operational effort that would be required to convert the existing grid has not been taken into consideration.
The use of OLM beyond the extent to which it is already used in the North Sea coastal area
(D21-D22 and D22-D23) only leads to a slight reduction in the amount by which the grid
needs extending, although a transmission requirement that is several hundred megawatts
lower is shown in Table 13-3. The reason for this is that the power level when adding circuits
with 1,840 MW is often significantly greater than the increase in transmission capability that
is achieved by using additional OLM.
The use of storage systems does not lead to a reduction in grid extension requirement in the
majority of variants, even though storage system management is strictly oriented to the nontransmissible power in the variants without storage systems. The main cause lies in the fact
that a large proportion of the power that is stored during periods when the grid is operating at
maximum capacity in regions D21, D22 and D83 is obtained from other countries in northeast Europe which are north-east of the grid congestion areas.
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The circuit lengths shown in Figure 13-8 relate to the addition of new circuits on three-phase
overhead lines and modifications to the existing grid.
Figure 13-8:

Modifications to the 380 kV existing grid and the addition of AC
circuits
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Source: TSOs

The corridor lengths that have been determined are shown in Figure 13-9, whereby it was assumed that two circuits normally run in one corridor. Furthermore, the lengths of lines in the
existing grid are shown on which additional measures need to be carried out. The use of existing corridors is assumed.
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Figure 13-9:

Corridor lengths (380 kV double overhead line) for AC extension
grid and modifications to the existing grid
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An overview of the anticipated development of the circuit length in the German 380 kV grid
from now until the target year of 2020 is provided by Figure 13-10. Starting with the current
circuit length of about 20,000 km, an additional length of approximately 3,000 km must be
constructed, cabled or taken over from the 220 kV grid by 2015 in order to deal with the
transport task that is anticipated between now and then. In the next five years the requirement
for new 380 kV corridors will increase by approx. 3,600 km (circuit length: 6,600km). This
non-linear development reflects the fact that the transmission distances are increasing all the
time as more and more renewable energy sources are being fed in.
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Figure 13-10:

Anticipated development of the 380 kV circuit length in Germany
for the BAS variant
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The German TSOs have already planned additional comprehensive grid extension measures
for the basic grid after the investigation starting point that is being considered here, i.e. 2015.
However, these could not be taken into consideration in the investigations that are being carried out here because of the completion dates that have been predicted beyond the year 2015,
some of which have been delayed. Some of these grid extension measures are described in the
Energy Line Extension Act (EnLAG) and are therefore extremely important, particularly for
integrating the renewable energy sources. These particularly include the grid extension measures in accordance with Section 1 para. 1 of the EnLAG with project nos. 14, 16, 18, 19, 22,
23 and 24 which can be found in the enclosure. A proportion of the regional cross-boundary
grid extension measures determined in this grid study could be realised using the grid extension measures planned by the German TSOs after 2015 and the above-mentioned projects in
accordance with the EnLAG.

13.3.1

Transport task

With the model described above it is possible to determine the transport task of the transmission grid by multiplying the transmission capacities with the transport corridor lengths for
each of the 8,760 hours. This results in a super-regional transport task that is independent of
the number of parallel circuits between the regions. The transport task within the regions is
only partially recorded. This particularly applies if you wished to determine the transport distance from the annual transport task and the sum of infeeds and outputs. Figure 13-11 shows
how the transport task is distributed between the existing grid and the extension grid in the
variants.
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Figure 13-11: Super-regional transport task of the transmission grid in 2020
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The transport task remains about the same for all variants, and is hardly influenced by the use
of storage systems. The main difference is in the distribution between the existing grid and the
extension grid in the technical grid variants. The existing grid can transmit more energy some
of the time when using OLM than with the basic variants. The extension grid then has a
slightly reduced transmission task. When TAL is used, the scope of the extension grid is significantly smaller than in the other variants, and accordingly it takes over a significantly
smaller transmission task, whereas significantly more energy has to be transmitted via the existing grid via the same transmission routes than in the basic variants.

13.3.2

Energy loss requirement of the transmission grid

The differing distribution of the transmission task between the existing grid and the extension
grid in the variants in accordance with Figure 13-11 must have consequences as far as grid
losses are concerned. As shown in Figure 13-12, there are no major differences in energy loss
requirements between the variants with and without storage systems. It is evident via the different storage variants that the OLM technology variants have higher grid losses than BAS
and the TAL variants have higher grid losses than OLM. The additional energy loss requirement of approx. 20 % (2 TWh per annum) is particularly evident in the variants with hightemperature cabling (TAL) in comparison to the BAS variants. Because of the use of OLM in
the existing grid there is a slightly increased need for power to cover grid losses, whereas the
extension grid has lower grid losses if its dimensions are similar to those in the BAS variants.
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Figure 13-12:

Energy loss requirement of the super-regional transmission grid in
the year 2020
Existing Grid of 2015

New AC Lines

14
13
12
11
10

Losses (TWh/a)

9
8
7
6
5
4
3
2
1
0
BAS 000

BAS 050

BAS 100

FLM 000

FLM 050

FLM 100

TAL 000

TAL 050

TAL 100

Source: TSOs

Since all variants with storage systems have different power plant deployments in Germany
and abroad, the energy loss quantities vary slightly without being able to derive other conclusions.

13.3.3

Provision of reactive power

The high utilisation level of the existing grid with thermal rated power and the extension grid
with up to 4,000 A/circuit is way above the natural load of approx. 600-700 MW/circuit that
has been attempted over the last few decades, with which the reactive power requirement occurring because of the energy transport in the 380 kV grid was essentially covered by the
charging capacity of the 380 kV overhead lines. Utilisation of up to 1,840 MW/circuit in the
fault-free grid results in a reactive power requirement of 9 times the natural capacity, i.e.
approx. 600 Mvar per 100 km of circuit length. The value is even higher in the case of (n-1).
With a circuit length of more than 6,000 km, the reactive power requirement could therefore
theoretically increase by up to 36,000 Mvar.
As Figure 13-13 shows, the reactive power that is required from series and parallel compensation is of a similar magnitude. However, not all circuits are loaded with high currents at the
same time, meaning that the regionally distributed reactive power compensation systems do
not have to provide the full power for all connected circuits. This is evident for the OLM variants, in which significantly less series compensation has to be used than with the BAS variants, and 25,000 Mvar of net reactive power compensation is required.
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If the loadability of the existing grid could be significantly increased by high-temperature cables without non-permissible effects on subordinate grids, the selectivity of the protection and
the system dynamics, there would be little need for series compensation in the extension grid.
However, because of the increased currents there is a greater need for parallel compensation
in the form of MSC (Mechanical Switched Capacitors) or SVC (Static Var Compensators).
Statcoms (Static Synchronous Compensators) could also be used.
Figure 13-13:

Provision of reactive power in grid extension status 2020
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The reactive power proportion of the extension grid shown in Figure 13-13 is positive from a
stationary point of view in the case of high grid loading, but also means that additional investment is needed for compensation coils in order to adhere to the permissible voltage level
at less grid loading (compensation for the capacitive reactive power generated by the extension grid).
The higher proportion of series compensation in the reactive power provision in the BAS
variants is noticeable compared to the OLM variants. The cause of this is that the extension
grid may have greater impedance because of the greater loadability of the circuits in the existing grid in the OLM variants, without the existing grid being overloaded. The series compensation must be designed for the (n-1) case and therefore requires more installed capacity than
can be used simultaneously.
Whereas the discrete compensation equipment such as MSC and SVC can be influenced during periods of low transmission grid loading by switching off or controlling, the provision of
reactive power from the operating capacity of the existing grid and the extension grid is not
easy to influence. Additional coils with 20,000 Mvar are need for the existing grid and coils
with 5,000 Mvar for the extension grid in order to compensate for this reactive power. The de297
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termination of the costs and losses caused by these compensation coils is not the main focus
of this investigation, since the other influential factors have significantly more effect.

13.3.4

Voltage angle

In a highly-utilised transmission grid, the power flow does not just affect reactive power and
voltage stability, but changes the voltage angles in different locations. This voltage angle is
needed to drive active power via the reactance of the three-phase lines.
High voltage angles between substations connected by long lines can affect the stable operation of power plants in close proximity. The provision of stable power plant operation in all
(n-1) secure operating statuses in the grid can only be proven with simulation on a grid model
that has been modelled appropriately for the dynamic processes in the grid.
The maximum anticipated voltage angle over the German transmission grid is shown in Figure 13-14 as an indication of the effects on stability in the individual grid variants. This occurs between the border with Denmark in the north and the border with Switzerland in the
south. Both the distance and the power flow in the east-west direction in the German transmission grid are significantly less.
Figure 13-14:
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It is evident that the voltage angle is about 20 degrees less with north-south transport (positive
values) in the BAS variants than it is with the TAL variants. This results from the higher loading of the existing grid in the TAL variants and the large number of additional lines with series compensation in the extension grid of the BAS variants.
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South-north transport leads to maximum voltage angles of up to 60-70 degrees (negative values from Figure 13-14), which is approx. 40 % less than with north-south transport. The cause
of this lies in the high concentration of generation units in the north and east of Germany with
high power requirements in south Germany and the alpine regions at the same time. There is
also the power transit from Scandinavia to southern Europe, which is superimposed onto this
domestic German power flow. On the other hand, a large proportion of the electrical power
that is obtained from south Europe is already consumed in south Germany, and does not lead
to large voltage angle differences over the entire German transmission grid.

13.4

General technical design of the AC overhead line grid
13.4.1

Structural description

From the dimensioning specifications in Section 13 and the overall examination in Section 10,
the 380 kV three-phase overhead line emerges as the best technical solution for the transmission tasks that have been examined. The technical and economical effects of this technology
will therefore be examined in this study. The following prerequisites apply for the extension
grid:
- Only use of double lines, initially operated with one system in some cases
- Circuits have thermal transmission capability of 4,000 A
- Each circuit can be loaded with up to 1,840 MW during normal operation
- The lines connect the centres of neighbouring grid regions, where they are connected
to the existing grid
- The lines are linked together to form an extension grid
- It is assumed that a transmission grid can be operated at these high capacities
Three-phase overhead lines are often designed with bundles of 4 lines with a large crosssection even if the anticipated loads are below the thermally permissible currents . This is
used to optimise these lines with regard to noise emission and Joule heat losses.

13.4.2

Costs

This study relates to the conceptual technical measures that are needed to fully integrate renewable energy sources in Germany by the year 2020. In order to do this, the energy management framework data for 2020 has been defined and input into a market simulation program. This produces curves for the loads, infeeds and exchange capacities with neighbouring
grids for the year 2020. In the variants that take alternative storage technologies into consideration with the goal of relieving the grid, the costs and yields of the storage systems have
been determined exactly for the year 2020. With regard to grid extension it is only known that
it must be carried out at least by 2020, but not whether it may have been required several
years earlier. The grid energy losses that have been determined only apply to the target year,
and may deviate in the years before and after. For these reasons the economic comparisons
carried out in this grid study have been based on annual costs.
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Lines
The use of three-phase overhead lines for two systems is examined in this study. If the capacity to be transmitted only requires one circuit, this new double line is initially operated with
one circuit only.
In the existing grid, measures whose costs are shown as annuities are required in the variants
that take overhead line monitoring (OLM) into consideration. These include measures for ensuring ground clearance, reinforcements in the substations and the cost of tying them into the
control systems. The costs of OLM measures are set for all regional boundaries where simulation of the installation of new lines has revealed that the load in the existing grid would be
greater than the utilisation limit in the basic case. The costs according to Table 13-5 are determined for each double line with the virtual length between the centres of the connected grid
regions.
The annuities for replacing existing three-phase overhead lines with three-phase overhead
lines with high-temperature cabling are shown in Table 13-5. After modelling the extension
requirement on the assumption that TAL cabling is used in the entire transmission grid, it was
checked at which regional boundaries the loadability of the existing grid is sufficient. The
costs according to Table 13-5 are determined for each 380 kV double line with the virtual
length between the centres of the connected grid regions.
Table 13-5:

Model costs of measures on overhead lines

Overhead line measures

Investment costs

Annual costs 2020

New 380 kV line 4 kA, 1st circuit
New 380 kV line 4 kA, 2 circuits
FLM Measures DIN (double circuit line)
FLM Measures TGL (double circuit line)
TAL Conversion (double circuit line 380 kV)

1.15 M€/km
1.40 M€/km
0.08 M€/km
0.30 M€/km
1.60 M€/km

0.09 M€/km*a
0.11 M€/km*a
0.01 M€/km*a
0.03 M€/km*a
0.12 M€/km*a

Source: TSOs

The conversion of overhead lines to high-temperature cables will probably be more expensive
than constructing a new line. The reason lies in additional cable costs, more complicated cable
pulling work, mast reinforcement and mast height increases. Dismantling costs and provisions
for conversion during operation must also be taken into consideration. These are conservatively estimated model costs which may be less when it comes to practical implementation,
since the TSOs do not currently have any empirical information.
With OLM a distinction is made between the DIN or TGL installation standard. The DIN installation standard applies to all lines in the western German states, and also in the eastern
German states after 1990. The technical standards, quality regulations and delivery terms
(TGL) applied in the eastern German states until 1990.
The conversion of overhead lines to high-temperature cables is usually more expensive than
constructing a new line. The reason lies in additional cable costs, more complicated cable
pulling work, mast reinforcement and mast height increases. The dismantling costs must also
be taken into consideration.
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Substations
The same calculated costs and annuities in accordance with Table 13-6 will be used for adapting or extending switchbays in substations. These include the annuities of the switchgears for
series compensation and AC/DC converters.
Table 13-6:

Model costs of switchbays

Substation measures
380 kV Switch bay, Air isolated, for overhead lines
380 kV Switch bay for 200 Mvar reactive shunt
380 kV Switch bay for 200 Mvar SVC
380 kV Switch bay for 200 Mvar MSCDN

Investment costs
2.00 M€
2.00 M€
2.00 M€
2.00 M€

Annual costs 2020
0.20 M€/a
0.20 M€/a
0.20 M€/a
0.20 M€/a

Source: TSOs

Reactive power compensation equipment
A three-phase grid with major expansion and a high load requires extensive capacity to compensate for the reactive power that occurs. In situations with a high degree of regenerative
generation and operation of just a few conventional power plants, this reactive power can no
longer be compensated for by the conventional power plants. It cannot be ensured that they
compensate for the reactive power in the right place, at the right time and to a sufficient extent. For this reason, TSOs must alternatively fall back on static reactive power compensators.
The annuity thereof is listed in Table 13-7.
Table 13-7:

Model costs of compensation equipment

Reactive Power Compensation Equipment
380 kV series capacitor
100 Mvar
380 kV reactive shunt
100 Mvar excl. SB
380 kV MSCDN
100 Mvar excl. SB
380 kV SVC
100 Mvar excl. SB

Investment costs
2.00 M€
1.30 M€
1.40 M€
3.20 M€

Annual costs 2020
0.16 M€/a
0.10 M€/a
0.11 M€/a
0.26 M€/a

Source: TSOs

MSCDN stands for Mechanical Switched Capacitor Damped Network (mechanically
switched compensator with circuit to prevent resonance), and SVC stands for Static Var
Compensator (controllable reactive power compensation).
Investment costs
An overview of the investment costs that are required for the nine variants can be found in
Figure 13-15. The investment costs for alternative storage systems in the variants with codes
050 and 100 that are not shown here must also be assessed.
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Figure 13-15: Overview of investment costs (excluding storage system costs)
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13.4.3

Operating and loss costs

The operating costs for the individual components listed above are already included in the annuities for the year 2020. Depending on the component, they are valued at 0.1 % to 2.5 % of
the investment costs.
The loss costs are determined as the sum total of the individual hour values for each variant
for the entire grid and are based on a value of 60 €/MWh in the year 2020.
The additional loss costs shown in Figure 13-16 relate exclusively to the Joule heat losses that
will occur in the line grid of the German transmission grid due to the additional transmission
task. The expenditure for energy losses in the fully utilised existing grid in 2015 of approx.
510 mill. € in the year 2020 is the same for all variants.
The voltage-dependent losses of the lines and voltage transformers and the additional losses
of the compensation systems are low in relation to the power-dependent losses on the lines,
and are not evaluated. The changes to the energy loss requirement of the transformers and the
subordinate grids in the variants do not represent a characteristic of the transmission grid and
will therefore not be investigated any further.
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Figure 13-16:

Annuity of the additional energy losses in the transmission grid in
2020 in Germany
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The additional loss costs of approx. 100 mill. € in the extension grid of the BAS variants are
of the same magnitude as the relevant loss costs in the existing and extension grid in the OLM
variants. Because of the increased utilisation of the existing grid during periods of high wind
energy infeed, loss costs shift from the extension grid to the existing grid. The TAL variants
show a value that has increased by approx. 130-150 million €/a for covering the additional
energy losses on the heavily loaded high-temperature lines.
The BAS 000 and OLM 000 variants are the cheapest options by far for full transmission of
regenerative energy sources, given a free trade market for electrical energy.
The annual costs for the OLM variants are of a comparable magnitude to those for the BAS
variants with an almost identical transmission task. The increase in transmission capability
due to OLM only slightly reduces the length of the transmission routes that are needed. Because of the additional transmission capacity, the power flow physically shifts, and therefore
requires an additional grid extension in other locations with comparable volumes and costs to
the basic variant.
The use of high-temperature cables reduces the additional grid extension requirement in comparison to the basic variant by half, but three times as many circuits on existing corridors have
to be converted and modified.
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The following example is intended to explain this result, which is certainly surprising in the
first instance:
There are 4 circuits between two regions, and each circuit has a transmission capacity that
corresponds to a current of 1,800 A. The matrix with the non-transmissible power results in
an extension requirement corresponding to a current-carrying capacity of 5,600 A. The construction of a new double overhead line over a corridor length of 200 km from region centre
to region centre with two 2,800 A circuits covers the requirement (Figure 13-17). Call this solution BAS1.
Figure 13-17:

BAS1 model grid
Circuits:

Region A

Region B

Existing (1800 A)
New (2800 A)

+2 * 2800 A

Additional Capacity need is

5600 A

Source: TSOs, own representation

With the high-temperature variant, all existing circuits between the regions are first converted.
This increases the capacity of the existing grid by 3,600 A (4*900 A). In order to cover the
transmission requirement with a current of 5,600 A, a new double overhead line with a circuit
of 2,800 A must also be installed. This solution is designated TAL1 and is shown in Figure
13-18.
Figure 13-18:
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Source: TSOs, own representation

The volume of the grid extension requirement of BAS1 is a circuit length of 400 km (200 km
corridor length). With the TAL1 variant, the grid extension requirement is a circuit length of
200 km (200 km corridor length), i.e. about half compared to the reference variant. In the existing grid, four times the volume of circuits on lines must also be converted to hightemperature cables with a circuit length of 800 km.
Increased annuities for the use of storage systems for compensating for the non-transmissible
power result for each of the three main variants BAS, OLM and TAL. On the one hand, this is
due to the fact that the effects of the storage systems on the grid extension are extremely
small, and on the other hand that the annual costs of the storage systems exceed the potential
yield thereof by far.
The storage technology is installed for the purpose of relieving the grid, but the use thereof
takes place in the study purely in accordance with market economy perspectives, i.e. the grid
capacity that becomes free is used by the market. The transport task of the grid (and therefore
the extension requirement) therefore remains about the same for all variants, and is hardly influenced by the use of storage systems.
The use of storage systems therefore does not relieve the grid, but leads to an appropriate increase in the volume on the electricity trading market.
The development of hydrogen storage systems in the BAS and OLM variants for taking in
100 % of the non-transmissible power is more expensive than the overall additional costs in
the grid.
The annual costs for covering the additional energy loss in the transmission grid are between
17 and 20 % of the total annual grid costs of the extension grid and the modified existing grid.
The integrated evaluation revealed that the best way to cover the extension requirement was
with newly installed 380 kV overhead line circuits with three-phase technology.
The use of overhead line monitoring can also be a financially viable solution from a regional
point of view; the transmission capacity for transmitting wind energy can at least be increased
to a limited extent in the short term.
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The above-mentioned evaluations under the given boundary conditions revealed that the use
of coastal storage systems or overhead line monitoring does not have a significant effect on
the scope of the necessary additions to the transmission grid for integrating renewable energy
sources. The use of high-temperature cables can reduce the grid extension requirement, but
leads to additional costs and also has the disadvantage that the large number of circuits
(approx. 50 % of all circuits) in the existing grid would also have to be converted between
2015 and 2020 whilst the grid is in operation.
The interest of the affected population in the minimum visibility or even invisibility of infrastructure measures is an argument against extending the transmission grid with overhead
lines. It is possible (and has also been confirmed by the TSOs’ experience of new line construction projects) that this leads to incalculable delays during the approval procedure, with
the risk that grid integration and extending the energy generation system from regenerative
sources will suffer time delays.
For this reason, energy transmission variants with underground lines should be examined as
an alternative in accordance with Table 14-1. The basis for all of these variants is the most
economical BAS 000 variant, taking the usual transmission capacity of overhead lines into
consideration and without extending compressed air or hydrogen storage systems in the north
and east of Germany. Sensitivity to further extension of the pumped storage power plants in
southern Germany, Austria and Switzerland must also be taken into consideration.

Table 14-1:

Sensitivity variants for BAS 000

Short description

Abbreviation

AC extension grid with overhead lines and a controlled remote
transmission route (4400 MW) from Schleswig-Holstein to
southern Baden-Württemberg

HYB

DC extension grid with cables and VSC converters, meshed
operation

VSC1

DC extension grid with cables and VSC converters, point-topoint connections

VSC2

AC extension grid with gas-insulated lines
AC extension grid with overhead lines, pumped storage extension in southern Germany, Austria and Switzerland

GIL
PSW

Source: TSOs
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14.1

Description of sensitivity variants
14.1.1

PSW sensitivity variant

This variant takes into consideration a further increase in pumped storage power plants
(PSWs) in southern Germany, Austria and Switzerland, without changing the grid-related
permissible transmission capacities between these neighbouring grids and Germany. In Germany, the addition of PSWs is about 1,700 MW, of which the vast majority of this capacity is
for southern Germany (region D42). The Atdorf PSW with capacity of 1.4 GW is taken into
consideration here, for example. This PSW extension in the above-mentioned areas results in
lower infeeds from combined cycle gas turbine systems in North Rhine-Westphalia and Bavaria.
The grid extension after 2015 will all consist of AC overhead lines.
This variant is intended to make a trend statement as to the influence that further extension of
PSW capacity will have in the Alps and southern Germany on the extension requirement in
the German transmission grid.

14.1.2

HYB sensitivity variant

The HYB sensitivity variant takes the additional construction of a long distance line with a
capacity of 4,400 MW over a distance of 824 km from Schleswig-Holstein (region 21) to the
south of Baden-Württemberg (region 42) into consideration. A four-system DC cable connection is assumed here as an example, with 4 converters at each end, each with capacity of 1,100
MW. The total balance of regions 21, 22 and 82 and exchange with the neighbouring regions
of Holland and Denmark was used as the basis for the coastal regions for using the long distance line. The total balance of region 42 and exchange with Switzerland was calculated for
the southern connecting point. The connection is used with the smaller excess power value at
a connecting point, with a simultaneous requirement at the other connecting point. The use of
the maximum capacity achieves an extraordinarily high value for the transmission grid with
approx. 5,800 h per annum. The remaining transmission task is taken over by an AC extension grid using overhead line technology.
This variant is used to indicate the potential saving in the AC extension grid that is needed,
which could also be used for inter-regional exchange capacities, by using new technologies
for wide-area transport without additional coupling to the existing grid.

14.1.3

VSC1 sensitivity variant

The extension grid in this variant consists of DC cables with a transmission capacity of 1,100
MW per system and VSC converters with the same capacity. VSC cables are the preferred
underground technology for large-scale transmission tasks from Section 10. The number of
VSC converters results from the maximum power per region that can be exchanged between
the existing grid and the extension grid. The possibility of meshed operation of a DC grid is
assumed. Since the direct current connections can be controlled, it is assumed that they do not
have to transmit additional power in the event of failure in the three-phase grid, and can therefore be continuously operated at the rated capacity. Fail-safety is provided by the three-phase
grid.
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This variant is used to show the effects of a grid extension after 2015 without using overhead
lines.

14.1.4

VSC2 sensitivity variant

The extension grid in this variant consists of DC cables with a transmission capacity of 1,100
MW per system and VSC converters with the same capacity. Unlike variant VSC1, the direct
current cables are not connected to each other. This results in transmission routes in the current frequently-used and well-tried structure, without the compulsion for harmonisation. Each
point-to-point connection consists of a DC circuit with two cables, and two VSC converters.
This variant is intended to show the economic effects of a direct current cable grid that is fully
or partially meshed in comparison to individual solutions.

14.1.5

GIL sensitivity variant

The 380 kV three-phase GIL is the preferred underground technology for short transmission
routes in accordance with Section 10. In the GIL sensitivity variant, this technology will be
used extensively in place of overhead lines. The transmission capacity of GIL is taken into
consideration at 3,150 A per circuit. Because of electrical characteristics, impedances must be
connected in series on the extension lines to avoid overloads. The GIL variant is intended to
describe the implementation of the extension grid after 2015 without using overhead lines as
an alternative to VSC.

14.2

Extension requirement

The numbers of circuits listed in Table 14-2 result from the PTDF procedure that has already
been described in the previous sections. Compared to the BAS variant, the HYB variant leads
to bigger structural shifts of the power flow. The long distance line that was examined takes
over the transmission capacities that are otherwise required at boundaries 21-22 and 41-42,
for example, but a new transmission requirement occurs at other regional boundaries (81-82,
24-83 and 24-75). The number of circuits in the variants does not give a direct indication of
the advantage of one variant or the other, since the circuits have different characteristics and
lengths.

308

Sensitivity examinations for technologies

Table 14-2:

Number of required circuits in the sensitivity variants
Number of
BAS
circuits
PSW 000 HYB VSC1 VSC2 GIL
D21-D22
2
2
0
3
3
2
D81-D82
0
0
1
0
0
0
D22-D23
6
6
4
9
9
7
D23-D73
4
4
4
6
6
5
D23-D81
2
2
2
3
3
3
D24-D83
0
0
1
0
0
0
D81-D83
2
2
0
3
3
2
D83-D84
1
1
1
1
1
1
D24-D75
0
0
2
0
0
0
D25-D83
6
4
2
7
7
5
D25-D41
6
4
2
7
7
5
D41-D42
2
2
0
2
2
2
D42-D76
0
1
1
1
1
1
D41-D75
4
2
4
3
3
3
D73-D74
4
3
2
4
4
3
D74-D75
4
2
1
2
2
2
D21-D42
0
0
4
0
0
0
Sum
43
35
31
51
51
41

Source: TSOs

On the one hand, the implementation of circuits in corridors takes place in accordance with
the different transmission capacities per circuit depending on the technology class, and on the
other hand under the proviso that the transmission capacity per corridor does not exceed a
value of 4,500 MW. This value has been chosen in such a way that it has not been exceeded in
the existing grid in the past, and therefore the reliability of this transport capacity can be assumed without putting wide-area supply reliability at risk. The reliability of higher transmission capacities per corridor is not ruled out, but would have to be checked in detail in order to
rule out consequences on the transmission grid (supply reliability) in the event of problems.
Under this proviso of reliable transmission capacity of 4,500 MW, up to two circuits with
1,840 MW each are possible on three-phase overhead lines, and up to four VSC cables with
up to 1,100 MW per corridor. The GIL has an assumed 1,350 MW per circuit, meaning that
up to three circuits can be laid in a corridor.
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Figure 14-1:

Extension requirement for corridors of the sensitivity variants in
the 2020 transmission grid
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In Figure 14-1 the corridor requirement of the VSC cable variants is slightly less than the basic variant. For example, this can occur because a third AC circuit with its own corridor for a
total capacity of more than 3,700 KW would become necessary between two regions, but the
excess power could be taken over by the fourth DC circuit in the VSC cable variant.
The PSW variant has the highest corridor requirement, since the market-driven use of the additional storage in Austria, Switzerland and southern Germany results in an additional need
for transport in Germany.
In the HYB variant a high capacity and a large amount of energy is transferred over a long
distance. This relieves the existing grid some of the time, but does not prevent a regional
transmission requirement from occurring in the meshed transmission grid that cannot be covered by this. An additional transmission requirement is also generated by the concentration of
infeed and output capacity in and out of the overlay line. Even if the corridor requirement for
the three-phase extension grid is less, more corridor length is required with this variant for the
sum total of AC and DC.
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14.2.1

Transport task

The transport task in the BAS, VSC1, VSC2 and GIL variants is almost identical. The transport task of the AC extension grid that is shown in BAS is only provided by the direct current
lines or GIL in the other variants.
The PSW variant shows a slight increase in the transport task of the extension grid, which results from intensified use of PSW, which are located far away from the main generation
points.
In the HYB variant the DC extension connection from region D21 to region D42 takes over a
proportion of approx. 19 % of the total transmission task. Nevertheless, an AC extension grid
is required that is just as relieved of transport tasks as the existing grid because of the high capacity transport of the DC line. However, the relief does not affect the three-phase line extension requirement to the same degree.
Figure 14-2:

Super-regional transport task of the transmission grid in 2020 for
sensitivity variants
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14.2.2

Energy loss requirement of the transmission grid

The relative energy loss requirement in the German transmission grid is least in the GIL variant, since a large conductor cross-section with appropriately small ohmic resistance is present
here.
There is hardly any difference between the PSW variant and the BAS variant. There is only a
slight loss increase in the AC extension grid because of the greater size of this grid.
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In accordance with the slightly increased transport task in the HYB variant, the losses for this
also increase slightly. In total, they reach the value of VSC1, but the existing grid is more frequently relieved in HYB.
The difference in the energy loss requirement between VSC1 and VSC2 is because of the
greater number of converters, which are needed to convert some of the from DC to AC and
back again, whereas it is directly transmitted in in the VSC1 variant.
Figure 14-3:

Energy loss requirement in the 2020 transmission grid for sensitivity variants
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14.2.3

Provision of reactive power

As Figure 14-4 shows, the choice of transmission technology can have a considerable influence on the reactive power balance in the interconnected system in Germany. In the PSW
variant, this results in a slight shift in reactive power provision from series compensation to
the AC extension grid. The cause of this is the longer circuit length of this grid.
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Figure 14-4:

Provision of reactive power in the sensitivity variants for 2020

80.000

Additional Storage

Reference

Technology variants

60.000

reactive Power (Mvar)

40.000

20.000

0
PSW

BAS 000

HYB

VSC1

VSC2

GIL

-20.000

-40.000

Q Existing Grid of 2015

Q New AC Lines

Series Compensation

Shunts

-60.000

Source: TSOs

The HYB variant has a significant reduction in the requirement for both series compensation
and parallel compensation. Since a large proportion of the transmission task is taken over by
the DC cable connection, simultaneous high loads on the AC lines occur less frequently. It is
also assumed that the VSC converters can also make a contribution to the reactive power at
both end points of the extensive transmission route in these regions.
The effects of this characteristic of the VSC converters are even more pronounced in variants
VSC1 and VSC2. However, it is difficult to make out the difference between the use of 102 or
47 converter stations when the cos phi during converter station operation can be 0.925.
When a grid is extended with gas-insulated lines in the GIL variant, the high operating capacity thereof leads to a considerable increase in reactive power provision. Less parallel compensation is required than with the BAS variant. The impedance of the GIL, which is significantly less than that of an overhead line, means that no series capacitors are required. In order
to avoid GIL overloading, coils must be connected to the GIL in series instead, which is
shown in the diagram as negative series compensation.
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14.2.4

Voltage angle

The voltage angles between Denmark and Switzerland are shown below.

Figure 14-5:

Voltage angle differences between Denmark and Switzerland in
2020 for sensitivity variants
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All other variants show similar values apart from the HYB variant. The reduced voltage angles of the HYB variant in both directions are essentially based on the fact that more transmission capacity is created in the north-south direction because of the wide-area transmission
route and the AC extension.

14.3

Investment costs

The annuities of the basic operating equipment requirement are taken from Section 13.4.2.
The annual costs for DC cables, VSC converters and GILs are shown in Table 14-3.

314

Sensitivity examinations for technologies

Table 14-3:

Model costs for alternative transmission technologies

Transmission medium

Investment costs

2020 annuity

DC cable +/- 320 kV, 1100 MW

1.40 mill. €/km

0.11 mill. €/km*a

VSC converter, 1100 MW

110 mill. €

11.09 mill. €/a

GIL (1 system in the ground)

4.7 mill. €/km

0.39 mill. €/km*a

GIL (2 systems in tunnel)

14.7 mill. €/km

1.22 mill. €/km*a

Source: TSOs

An overview of the investment costs that are required in the sensitivity variants that were examined in addition to the nine variants can be found in Figure 14-6.

Figure 14-6:
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14.3.1

Cost of offshore connections

There are plans to connect additional wind farms with a total capacity of 7,000 MW in the
North Sea and Baltic Sea regions between 2015 and 2020. Approximately 1,100 MW per system (converter – cable – converter) can be transmitted with the direct current connections that
are then expected to be available. This leads to a model-like grid extension volume of 7 cable
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systems with a total system length of 1,550 km, connected to 14 offshore and onshore converter stations. The investment that will be required for this is about 3.7 bill. €.
The model-like annual costs for the offshore connections (including operating and loss costs)
are about 340 mill. €/annum. The investment costs that are required for these offshore connections from the platforms of the wind power plants to the onshore connection points must be
taken into consideration similarly in all variants.
These costs are not included in the determination of the extension requirement for transmitting wind power from the North Sea and the Baltic Sea to the main load points in the south
nor in the following comparison of the grid concepts.

14.3.2

Operating and loss costs

The operating costs of the additionally required operating equipment are taken into consideration in the annuity, just as they are for the nine main variants. Here too, approximately 510
mill. €/annum for covering the loss costs in the existing grid must be added to the additional
grid loss costs in Figure 14-7.
Figure 14-7: Additional loss costs of the sensitivity variants
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Source: TSOs

In the PSW sensitivity variant, the energy loss requirement is slightly less than with the BAS
000 variant. This is due to the increased grid extension with slightly reduced specific load.
The HYB sensitivity variant shows a considerable reduction in grid loss and the associated
costs for the existing grid and the extension grid in comparison to BAS 000. In the event of
the same maximum usage, these AC grids are relieved by a basic band, which causes a considerable reduction in the usage time at maximum capacity and the maximum losses. This
gain is more than compensated for by the energy loss for operating the VSC cables and converters.
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The VSC2 sensitivity variant shows considerably higher loss costs than VSC1, since there are
more than twice as many converters in this case.
The GIL variant shows the advantages of a large line cross-section and low power density.

14.3.3

Overall cost comparison from an annuity perspective

Taking all of the main influential factors and evaluation with the above-described specific
costs into consideration results in the annuities described in Figure 14-8 for the sensitivity
variants.
Figure 14-8:
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No changes were made to the existing grid for any variant (apart from the assumptions in Section 13). The cost of reactive power compensation equipment and for covering losses is low
compared to the annuities for the investments. The HYB variant shows significantly lower
costs than VSC1, but the addition of three-phase overhead lines is essential in order to fulfil
the transmission task.
The GIL sensitivity variant shows the highest annual costs of any variant. This is partially due
to the stipulation that two parallel systems must be routed in the tunnel. Even if all circuits are
laid underground as single systems, the costs of approx. 3 bill. € per annum would still be the
highest.
The comparison of the VSC1 and VSC2 variants clearly shows the advantage of a minimised
number of converter stations with multi-terminal operation of the meshed direct current grid.
Taking the offshore connections into consideration, the VSC1 variant requires about double
the amount of annual expenditure as the basic variant.
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14.4

DC cable solutions
14.4.1

Introduction

Because of the increase in the number of renewable energy generation systems that are being
installed and the changing structure of the generation system and the usage thereof, more and
more expanded capacity transports are occurring in the transmission grid for which it was not
originally designed, and will also continue in the future. And it is not just the composition of
the generation system that is changing. With a high proportion of renewable energy generators, the electro-mechanical operating behaviour of the generation units and the main geographical locations of the power plants are also changing. Particularly the large offshore wind
power plants will cause large power transits over long distances via the transmission network.
These wide-area transmissions via certain corridors, as is the case with wind energy from
north and north-east Germany into the conurbations in central and south Germany, for example, require an extension of the transmission grid and an increase in its transmission capacity.
As determined in Section 10, this reinforcement of the grid can be achieved using three-phase
transmission with overhead lines, for example, but there is also the possibility of using direct
current technologies as an alternative transmission method.
The objective of this part of the study is to investigate the technical feasibility of a direct current interconnected system as an additional variant to an extension with 380 kV overhead
lines which is superimposed on the existing three-phase grid and extends all over Germany.
The direct voltage grid should preferably be in the form of a direct voltage cable grid with
VSC-HVDC technology in accordance with the results from Section 10.
Delimitation
A beneficial way of increasing the transmission capability of a grid that was identified in Section 10 is the construction of new routes with three-phase overhead lines. Onshore 380kV
three-phase cable solutions are only more cost-effective than the construction of an HVDC
cable connection for route distances of approx. 50-80 km. Technically speaking, a connection
with three-phase cables is only possible for up to approx. 100-200 km (depending on the operating voltage and the frequency). Additional measures must also be taken such as the use of
reactive power compensation systems or measures to distribute the load between cable and the
existing grid. These further increase the investment costs.
When a direct current grid is being implemented with conventional HVDC technology, power
reversal is an essential problem. With conventional HVDC the polarity of the voltage must be
reversed, since the current direction is predefined. However, this means that the power flow
direction is reversed on all routes at the same time. This makes it extremely difficult to implement an independent power flow from different routes in the direct current grid. Also, a
converter can only absorb or deliver power depending on the polarity of the voltage. The individual change between the output and intake of power at the connecting points to the interconnected system is therefore only possible with the use of feeder circuit breakers to switch
over each station. A flexible, meshed system that overlays the three-phase grid cannot be set
up in this way.
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Incorporation in Section 11 and Section 10 and Section 13
A regionalised model of the German transmission grid has been developed in Section 13 of
the study. The necessary exchange and transmission capacities between the defined regions
result from this model. The power flow levels that are determined in this require further extension of the transmission grid.
Different transmission technologies for transmitting high capacities onshore and offshore are
compared in Sections 11 and 10. The transmission technologies for connecting offshore wind
farms in the North Sea and the Baltic Sea up to the connecting nodes in coastal areas were
compared in Section 11. The onshore transmission technologies with different cable solutions
and overhead line solutions were examined in Section 10.
A way of increasing the transmission capability of a grid is the construction of new routes
with three-phase technology. In this case the grid can be extended with three-phase overhead
lines, three-phase cables or gas-insulated lines (GIL). The 380 kV three-phase overhead line is
the most cost-effective of the technologies that were investigated according to the evaluation
criteria in Section 10.
If the additional routes that are needed are equipped with underground transmission technology, the results from Section 10 show that high-voltage direct current transmission (HVDC)
with a direct current cable and VSC technology (Voltage Source Converter – converter with
intermediate voltage circuit) is the preferred technology for the majority of transmission tasks
that were examined if an overhead line version is not used. For this reason, VSC-HVDC technology will be analysed in more detail for possible use in an underground extension of the
transmission grid.

14.4.2

Technology description

Development of VSC-HVDC technology
A detailed description of VSC-HVDC technology can be found in the report in Section 10 of
this study. Only the basic characteristics and the characteristics that are needed for this study
are summarised below.
The HVDC with "Voltage Source Converter" (VSC) technology is a technology for transmitting direct current that uses VSC converters with an intermediate voltage circuit. Unlike classic HVDC, VSC-HVDC uses valves that can be shut off (Insulated Gate Bipolar Transistors IGBT's).
The fast controllability of the power converters makes it possible to control active and reactive power separately. VSC-HVDC is not dependent on an external three-phase grid.
Since it does not need commutation reactive power, it can also be operated on three-phase
grids with low short circuit power, and is even suitable for connecting islanded systems without rotating synchronous machines. Network restoration is also possible using this transmission technology if, for example, one side of the VSC-HVDC is not fed by synchronous generators (black start capability).
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Components
The basic equivalent circuit diagram of VSC-HVDC technology is shown in Figure 14-9. The
AC voltage is converted into DC voltage in the rectifier using transistor valves. The transistors (IGBTs) can be switched on and off via a control signal with a frequency in the kilohertz
range. Because the IGBTs are switched on and off under control, the amount and phase of the
output voltages can be controlled independently of the grid voltage.
Similarly to classic HVDC, the direct voltage intermediate circuit has two poles, which are
operated with opposing voltages. Direct voltage capacitors in both power converter stations
smoothe the DC voltage and also serve as energy stores and energy buffers between the rectifier and the inverter. The inverter converts the DC voltage into an AC voltage, for which the
amount and phase can be specified by the control.
Unlike classic HVDC, an AC voltage type that has significantly fewer harmonics can be
achieved because of the rapid IGBT actuation. For this reason it is possible for the harmonic
filter to be smaller than in classic HVDC. Depending on the technology and the transmission
task of the VSC-HVDC, it may even be possible to dispense with harmonic filters altogether.
Figure 14-9:

Single-phase equivalent circuit diagram of a VSC-HVDC converter

Source: Manufacturer

The design of the power converter can differ. The following are now commonplace:
Two-level converters
Three-level converters
Multi-level converters (Modular Multilevel Converters or MMC's)
Figure 14-10 shows the design of the three options and the resulting voltage type of the generated AC voltage.
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Figure 14-10:

Possible VSC-HVDC converter design scenarios

Source: Manufacturer

Control and behaviour on the three-phase grid
With VSC technology, both the activation and the deactivation point can be controlled when
the power converter valves are actuated. The amount, the angle and the direction of the current from the converter can be controlled independently of each other. This results in two independently controllable variables for each converter. The intake or output of active and reactive power can therefore be individually controlled, for example.
VSC-HVDC in the interconnected system can therefore work using different operating modes
and therefore improve operation.

Active power control:
With point-to-point connections, the active power that is transferred is typically controlled to
a specified value that can be adjusted in real time. A converter controls the active power, and
the other converter controls the direct voltage, which must be kept within the specified operating limits.
The reference values of the individual operating modes can be specified manually or via a
higher-order control system, e.g. by a frequency control system that is superimposed onto an
active power control system.
Controlling the power flow can prevent undesirable power flows and overloads, provided that
a sufficient transmission cross-section is available. Figure 14-11 shows that the power flow
can be controlled along the HVDC and therefore the utilisation of parallel three-phase lines
can also be controlled.
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Figure 14-11:

Parallel operation with active power control of a three-phase connection with a VSC-HVDC connection

Source: Manufacturer

Reactive power and voltage control:
During normal operation, every power converter station can individually and independently
control the intake or output of reactive power at the connecting node. This control is decoupled from the load condition and the transferred active power. A preselected operating mode
decides whether it controls just the reactive power or the grid voltage at the power converter.

Control during problems in the three-phase grid:
If faults occur in the three-phase grid, the VSC-HVDC can continue to be operated and actively controlled. Since it is self-commutated, it is not dependent on an existing three-phase
grid and can operate virtually independently thereof.
In the event of a fault or a voltage dip in the three-phase grid (with appropriate dimensioning),
any power converter is in a position to feed in a reactive current to the maximum level of the
rated current in the grid at the connecting point and therefore provide the voltage in the grid
with dynamic support. Once the fault has been remedied, the converters can also provide reactive power and operate in a way that supports the voltage.
A range of extended control functions for treating various problems can be implemented during and after the fault in VSC-HVDC systems that are embedded in transmission grids. Various different control strategies for steady operation ("before the fault") during and in transient
behaviour ("transient phase") and after the fault are shown in Figure 14-12.
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Figure 14-12:

Extended control strategies of the VSC-HVDC

Source: Manufacturer

A detailed description of the functionality of the controller of point-to-point connections is
shown in the report for Section 11 of this study.
Effect of faults in the direct voltage grid on the three-phase grid:
In the event of short circuits at the direct voltage side, the voltage in the entire direct voltage
circuit will dip in a similar way. The limitation of the fault in the form of a potential gradient
area is hardly noticeable because of the lack of reactance, as is the case in the three-phase system.
This means that in the worst case, i.e. faults at the direct voltage side, the transmission capability of the direct voltage grid will be briefly lost until the faults have been remedied, and the
three-phase grid must transmit all of the missing power. The effects on operation and the stability of the three-phase grid must be examined for this purpose.
Multi-terminal operation
With HVDC connections it is possible to connect several converters to one intermediate direct
voltage circuit and therefore set up so-called multi-terminal operation.
Because of the flexible controllability of the direct voltage circuit with VSC-HVDC technology and the constant polarity of the voltage, a multi-terminal system with VSC-HVDC is easier to achieve than with classical HVDC, and the number of terminals is not limited from a
technical point of view. An example of the implementation of a multi-terminal VSC-HVDC
does not yet exist.
An advantage of VSC-HVDC technology is that the power flow direction can be specified by
the controller for each converter, independently of the method of operation of the other converter. This means that the individual converter stations can basically feed power into the direct voltage circuit and also obtain power from it. The polarity of the direct voltage is always
retained, but the direction of the direct current can be modified. This means that it would be
relatively easy to design and operate a multi-terminal system with VSC-HVDC.
323

Sensitivity examinations for technologies

The grid can be set up in different structures:
Radial system Figure 14-13 a)
Ring structures or fully meshed structures (Figure 14-13 b)
Combinations of both options (Figure 14-13 c)

Figure 14-13:

VSC-HVDC as multi-terminal examples

Source: Manufacturer

14.5

Basic design of the direct voltage grid
14.5.1

Description of the grid

In order to examine the possible further development of the German transmission grid, a simplified model thereof consisting of 18 nodes and 18 international connecting nodes was developed using the PTDF method. The model contains the necessary exchange and transmission capacities between the individual regions. A concept for connecting several regional centres via VSC-HVDC transmission technology was suggested as a possible solution.
The minimum exchange capacities to the three-phase network were defined for each node,
and the minimum transmission capacities were defined for each connection between two
nodes. Figure 14-14 shows a schematic diagram of the individual regions with required installed converter power and the number of parallel direct current cables, whereby it is assumed that each cable can transmit 1,100 MW of power.
Synergies between the connection of individual wind farm clusters in the North Sea and the
Baltic Sea can also be used to create a VSC-HVDC "direct voltage grid", and these connections can be taken into consideration as the beginning of a pan-German VSC-HVDC "direct
voltage grid".
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Figure 14-14:

Direct voltage grid with converter power and number of connecting
cables

Source: Siemens, ABB

The implementation of the proposed grid structure with VSC-HVDC technology is examined
and described below.

Description of the direct voltage grid
"Point-to-point connections" concept
In an initial step, a preliminary stage of a direct voltage grid was implemented as the sum total
of non-meshed point-to-point connections, i.e. every connection consists of a transmission
route and a power converter at the beginning and the end. The character and the advantages of
a direct current mesh are therefore dispensed with for this solution. On the other hand, the
power flow along the route can be accurately controlled in such a grid.
In this solution, each connection consists of parallel and independent HVDC connections.
This means that the power is converted from direct current to three-phase at each node or
connecting point, and then has to be converted back into direct current by other converters.
This solution requires an extremely large number of power converter systems, i.e. a considerable amount of money has to be invested, and the losses of the system increase. The the power
converter stations would also increase the space requirement significantly.
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On the other hand, this concept does not require any direct current feeder circuit breakers.
Figure 14-15 shows the topology in region 21 with a required exchange capacity of 2,200
MW and 2 or 3 lines to neighbouring regions. In the diagram it must be noted that all power
converters and the lines are bipolar, i.e. the substations and the lines that are shown are
needed for both the positive pole and the negative pole.

Figure 14-15:

Example topology of region 21 with point-to-point connections

Source: Manufacturer

"Direct voltage grid" concept
Another solution for the transmission task is achieved by using an interconnected direct voltage grid. This can be carried out by connecting existing point-to-point connections to new
systems and system components.
In this concept, the number of power converter stations that is set up at each node is the
maximum quantity that is needed for the net exchange capacity that is required with this region. These power converters are connected to a direct current substation, which can consist
of several busbars depending on the capacity. This reduces the total number of power converter stations in comparison to the previous concept, but the installation of a direct current
substation must be taken into consideration, since each incoming or outgoing direct current
line is connected to a busbar via circuit breakers. The number of lines is identical to the previously described concept.
Figure 14-16 again shows the topology in region 21 with a required exchange capacity of
2,200 MW and 2 or 3 lines to neighbouring regions. In the diagram it must also be noted that
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all power converters and the lines are bipolar, i.e. the substation and the lines that are shown
are needed for both the positive pole and the negative pole.
Figure 14-16:

Example of topology of region 21 with direct current grid

Source: Manufacturer/TSOs

Design of connections
At the beginning of the design it is important to analyse the surrounding three-phase grids and
the loadability thereof, since in the worst case the three-phase grid has to transfer the entire
capacity deficit if a transmission route is shut off in the direct current grid. The existing possibility of overloading the power converters and their valves for a short time has not been
considered.
It was defined that the surrounding grid can take over a maximum of 1,100 MW of power
without putting reliable operation at risk. The maximum rated power of a VSC-HVDC cable
connection was therefore limited to 1,100 MW in the configuration below.
Table 14-4 shows the design of the transmission route with VSC-HVDC technology and direct current cables.
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Table 14-4:

Design of VSC-HVDC technology with direct current cables for
transmitting 1,100 MW with differing route lengths
VSC-HVDC
Cable

Parameter

Unit

Insulation
Un
In
Pmax per system

kV
A
MW

1100MW
XLPE
320
±
1750
1120

Source: Manufacturer

The design of the cables is heavily dependent on the ground, the laying depth, the distance between the cables, etc. These parameters have a decisive influence on the choice of cable. For
example, for a ground temperature of 15 o C, a laying depth of 1 m and a thermal earth resistance of 1.0 K x W/m, an aluminium cable with a diameter of 2,200 mm2 can be chosen for
the transmission.
This cable has the following characteristics:
Conductor:
Aluminium
Diameter:
2,200 mm2
Current-carrying capacity: 1,571-1,963 A
(depending on distance between cables)
Weight:
15 kg/m
External diameter:
121 mm
Figure 14-17 shows the routing of three parallel cable systems in the ground with the necessary distance between the systems.

Figure 14-17:

Width of route for transmitting 3,300 MW - direct current cable
systems, voltage +/-320 kV.

Source: Manufacturer
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Possible control concepts
Depending on the task and the components that are being controlled, the control functions of
the VSC-HVDC system can be divided into the following three groups:
System control
Application control
Converter control
The system control performs all tasks that are important for the entire grid, e.g. load flow,
congestion management and voltage control. The system control has a determining influence
on the application control, i.e. it is dependent on the establishment of the system control tasks.
The following tasks can be taken over as application control:
Load flow
Reactive power compensation
Improving transient stability
Power oscillation damping
Improving voltage stability
Converter control is oriented to the internal processes in the power converter, and includes
synchronisation (PLL), dismantling the voltage components, direct voltage control, AC current control, valve switching frequency optimisation (IGBT transistors), active and reactive
power control, AC voltage control, transformer tap changer control etc..
In a direct current grid, the amount of power that is taken in and output must be balanced
(similarly to the three-phase grid). Otherwise the direct voltage in the direct voltage grid
would increase in the event of excess power or decrease if there is insufficient capacity.
This means that the system must control the power converter stations in such a way that the
voltage at all nodes is always within the operationally determined limits.
These are several ways of controlling the direct voltage:
One power converter station can be responsible for the power balance, i.e. for ensuring
that all stations have a specified fixed active power setpoint and only one station is
controlling the direct voltage level. This means that it is operating as "slack" or a
compensation node. No communication is required between the stations for this control.
The task of the direct voltage control can be distributed among just a few power converters. In this case the direct voltage or the power balance is measured and the active
power setpoint of these stations is adapted accordingly. The other power converters
operate with constant active power exchange with the grid. This control is the same as
the secondary control of the frequency in the three-phase grid.
If all power converters are involved in voltage control in the direct current grid, the
value of the preset active power intake per converter must be accurately determined
beforehand in order to achieve power equilibrium in the grid. Then the active power
setpoint is adjusted in the direct current control by means of communication or a
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droop characteristic (comparable with the droop of power/frequency control in a
power plant). This behaviour is similar to the automatic primary control in power
plants. In this case the power converters will not supply exactly the planned power.
This also shows that additional control strategies can be set up depending on communication
between the power converter stations, which increases the controllability of the entire system.
It is difficult to maintain the direct voltage in meshed direct voltage grids if active power control is being used. In this case the voltage level cannot be influenced with the aid of the reactive power. The direct voltage level must therefore also be used in the converter control. Depending on the operating limits, it may be necessary to adapt the active power setting in order
to keep the direct voltage within the required limits.
This fact can be taken into consideration by a higher-order master controller when defining
the schedule and the respective operating point. The controller setpoints are set accordingly.
Furthermore, the voltage at each grid node in the three-phase transmission grid must be controlled within a certain bandwidth around the rated voltage. The voltage is controlled by the
reactive power, which has to be provided locally (unlike the active power). The VSC-HVDC
can also control this voltage at the connecting point of each station on the existing transmission grid, independently of the active power flow.
The VSC-HVDC and control options that are shown require greater system complexity,
whereby reliable integration in the transmission grid must be guaranteed.

Selectivity in the event of faults
As in a meshed three-phase transmission grid, the selective and reliable deactivation of faults
on a three-phase cable or in the converter is absolutely necessary for safe and reliable operation of the direct voltage grid. A fault must not influence the operation of the overall system only the defective component and therefore the fault in the system must be disabled if possible, and then it must be ensured that the system continues to operate.
There are several ways of setting up different protection concepts, which are described below.

Variant 1: Direct current disconnector
The direct current system is examined as one complete system, and is considered to be one
protection area. No fault interruptions are possible within the direct current intermediate circuit. This means that a fault at the direct current side has to be disabled by the three-phase circuit breakers.
In this case the entire system is disconnected from the interconnected system. Once the system has been shut down and de-energised, the switches can shut off the defective components,
and the system can be started up again after the fault has been remedied. In the event of a fault
in the three-phase grid the direct current system is protected, and can continue to operate
without interruption.
Direct current switches merely operate as disconnectors which can only be switched in deenergised state. These switches can be used to select the topology and the respective switching status of the multi-terminal operation.
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Figure 14-18 shows an example of a multi-terminal HVDC with three stations. In this case the
circuit breakers at the three-phase side are represented by a blue cross (X), and the disconnectors at the direct current side with a black line (|).

Figure 14-18:

Protection concept variant 1: Protection by means of three-phase
circuit breakers

Source: Manufacturer

Variant 2: Direct current circuit breaker
If only extremely short interruptions to the transmission capability of the system are permitted, fast direct current circuit breakers must be used. All defective elements can be disabled
immediately using these components, and the remaining power transmission is maintained
without interruption. The circuit breakers can quickly and selectively isolate the fault and affected components such as a direct current cable, a capacitor or a power converter from the
remainder of the grid, similarly to the way in which circuit breakers operate in the three-phase
grid.
In this case the circuit breakers at the three-phase side of the power converters do not have to
be opened, meaning that no disconnection takes place between the direct voltage system and
the transmission grid at "healthy" power converter stations. However, in this case the effect
on the stability of the grid has to be examined and stability provided.
Figure 14-19 shows variant 2, whereby the circuit breakers at the three-phase side are represented by a blue cross (X) and the circuit breakers at the direct current side with a black cross
(X).
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Figure 14-19:

Protection concept variant 2: Protection by means of fast direct
current circuit breakers

DC circuit breaker
Source: Manufacturer

The development of fast direct current switches is first required for this second variant, which
are still in the development phase. The direct current circuit breakers are not currently available in the necessary power rating, but according to the manufacturers, the use of these fast
circuit breakers will be achievable by approximately 2015.
Only variant 2 must be selected as the solution for setting up a direct voltage grid that is superimposed on the transmission grid, since system failure after a fault is only permitted for an
extremely short time (up to approx. 100-200 ms) for stability reasons and in order to provide a
reliable power supply. This means that the use of direct current circuit breakers is essential for
more complex interconnections of HVDC systems.
Since it appears meaningful to set up a meshed direct voltage grid step-by-step with individual point-to-point connections, variant 1 could also be used in the starting phase. A direct current circuit breaker can be dispensed with in this phase. Direct current circuit breakers could
be retrofitted in subsequent development phases.

Quantities
The total amount of cable that is required and the number of power converter stations for the
two concepts can be calculated from the assumptions that are made in Section 14.5.1 for
VSC-HVDC technology.

"Point-to-point connections" concept
No optimisation has taken place in this calculation of the necessary quantities. The direct
voltage system has been designed as a point-to-point connection, i.e. 2 converter stations per
system are present for the specified number of routes. The necessary cable lengths and the
number of converter stations are summarised in Table 14-5.
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Table 14-5:

From
NS-O
NS-S
OS
D21
D22
D23
D23
D81
D83
D25
D25
D41
D42
D41
D73
D74

Required cable length and converter stations for the specified concept with point-to-point connections
To
D21
D22
D81
D22
D23
D73
D81
D83
D84
D83
D41
D42
D76
D75
D74
D75

Total

Number of
circuits
2
4
1
3
9
6
3
3
1
7
7
2
1
3
4
2
58

Distance
(linear)
152
188
140
133
124
152
215
248
175
172
143
105
99
126
120
105
2'397

Length
198
244
182
173
161
198
280
322
228
224
186
137
129
164
156
137
3'116

Cable length
395
978
182
519
1'451
1'186
839
967
228
1'565
1'301
273
129
491
624
273
11'400

Number of bipolar
converter stations
4
8
2
6
18
12
6
6
2
14
14
4
2
6
8
4
116

Source: TSOs

It is evident from the table that 58 direct voltage systems (monopolar) with a total system
length of approx. 11,400 km of direct current cable and 116 converter stations are needed for
the given concept. The circuit lengths, which have increased by approx. 1,500 km compared
to sensitivity variants VSC1 and VSC2, result from taking offshore connections into consideration. This also increases the number of converter stations.
"Direct voltage grid" concept
In this concept the converter stations are connected in a direct voltage grid as in Figure 14-14.
In other words, the number of cable systems remains the same for the power that has to be
transmitted, but the number of converter stations has reduced considerably – see Table 14-6.
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Table 14-6:

From
NS-O
NS-S
OS
D21
D22
D23
D23
D81
D83
D25
D25
D41
D42
D41
D73
D74

Required cable length and converter stations for the "Direct voltage grid" concept
To
D21
D22
D81
D22
D23
D73
D81
D83
D84
D83
D41
D42
D76
D75
D74
D75

Total

Number of
circuits
2
4
1
3
9
6
3
3
1
7
7
2
1
3
4
2
58

Distance
(linear)
152
188
140
133
124
152
215
248
175
172
143
105
99
126
120
105
2'397

Length
198
244
182
173
161
198
280
322
228
224
186
137
129
164
156
137
3'116

Cable length
395
978
182
519
1'451
1'186
839
967
228
1'565
1'301
273
129
491
624
273
11'400

Stations
NS-O
NS-S
OS
D21
D22
D23
D25
D41
D42
D73
D74
D75
D76
D81
D83
D84
Total

Number of bipolar
converter stations
2
4
1
2
3
6
3
8
2
3
3
2
1
3
5
1
49

Source: TSOs

The number of converter stations can be reduced from 116 to 49 with the "direct voltage grid"
concept compared to the point-to-point concept. Because there are fewer converter stations,
the overall losses in the direct current grid reduce considerably. The circuit lengths, which
have increased by approx. 1,500 km compared to sensitivity variants VSC1 and VSC2, result
from taking offshore connections into consideration. This also increases the number of converter stations.

Evaluation of the proposed grid concept
Evaluation of the concept and the structure (ring structure)
The structure of the direct voltage grid is introduced in Section 14.5.1. The grid consists of a
closed ring with line connections to other stations.
However, the direct voltage grid can also created with other structures, such as
Radial grid
Open ring
Closed ring
Grid with more intensive meshing
These structures and the influence thereof on the behaviour of the grid are briefly discussed in
the following sections.
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Grid structures
An advantage of radial grids or the operation of an open ring structure is the simple and
robust structure with which the load flow on any route can be accurately controlled. However,
there are some important disadvantages. Because of the lack of meshing, the entire power
must be routed in one corridor with a large number of parallel cable sections. Because of this,
the stations only interconnect a few regions, and further development of the three-phase grid
is required. The power flow over the long route causes a high voltage drop in the power flow
direction. There is also only a small amount of flexibility during operation.
Unlike the radial grid, the closed ring structure, as has also been proposed and examined, is
significantly more flexible during operation with different power transfers. The voltage drop
in the ring is also lower. Some stations are nevertheless incorporated in the ring via phases.
The advantages of more intensive meshing, e.g. using additional station connections within
the ring, are increased operational flexibility and a lower voltage drop along the long lines.
Because of additional cable routes, existing phase connections can be more intensively integrated in the meshed grid. This results in fewer parallel lines between two stations. However,
this means that there is less influence on the power flow within the grid. Operation must be
more intensively planned and monitored. Because of the smaller number of converter stations,
the losses are significantly lower in a direct voltage grid.

14.5.2

Prerequisites and framework conditions

From a technical point of view, according to the manufacturers’ information there are no major obstacles to implementing the proposed concepts of the VSC-HVDC grid. However, when
feasibility is being considered, it must be taken into consideration that a meshed direct voltage
grid of the size that is being described here can probably not be realised for 10-20 years. The
various technical points and framework conditions that are described in detail in Section 10
such as construction times, operating experience etc. must also be taken into consideration.
According to the manufacturers’ information, bottlenecks are not anticipated with the current
demand, but a sudden increase in demand (as was the case with classic HVDC) could cause
cable manufacturing bottlenecks. If early indication of the installation of a direct current grid
was given, the manufacturers would be able to prepare for the anticipated demand in order to
avoid possible delivery bottlenecks. New cable factories are being planned or constructed already because of the increase in demand.
The development of the direct current circuit breaker as one of the most important missing
modules for operating meshed direct voltage grids is an important project. According to information from the manufacturers, these components are expected to be available by 2015 at
the latest. According to market rules, an increase in demand should help to speed up development.
The biggest challenges for the construction/production of the VSC/HVDC grid are described
in detail in the following sections.
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Required technologies and further developments
Direct current circuit breaker
In a large direct voltage interconnected system with a high degree of meshing, suitable protection devices must quickly detect faults at the direct voltage side, and direct current circuit
breakers must selectively shut off the affected component. The use of direct current circuit
breakers is therefore required in such grids.
There are two possible solutions.
Mechanical circuit breaker
With the resonance circuit breaker, an artificial current zero is produced in a conventional AC circuit breaker by wiring it to a so-called "snubber" circuit. The same circuit
breakers as the ones used in three-phase switching systems can be used as switches.
These mechanical switches operate with switching times of approx. 60 ms. In other
words, studies are required in order to analyse and evaluate the stability and the effect
on the AC and DC three-phase grid.
Electronic circuit breaker
The electronic solution is significantly faster than the mechanical switch. The use of
parallel valves means that currents can be suppressed in both directions. In comparison
to mechanical switches, the electronic circuit breakers are more expensive and have
greater losses.
The substations can be set up with similar configurations to the three-phase substations. If a
fast circuit breaker is used, the protection and the measurement of currents and voltages must
also take place at a similar speed.
There are not yet any products that are ready for the market, but according to the manufacturers’ information, direct current circuit breakers could be developed in the foreseeable future.
In the first stages of the future HVDC grids, point-to-point connections would have to be implemented, which are not yet interconnected, or only to a limited extent. In subsequent steps,
these systems could then be developed into a meshed direct current grid.
Fast circuit breakers would not be required until these future phases. Then the existing direct
current interrupters and direct current load interrupter switches could be replaced.

DC choppers
The transition from one voltage level to another cannot be carried out without difficulty in direct current grids, as is the case in three-phase grids using transformers. It is therefore beneficial to standardise a voltage level.
Additional DC choppers are needed for the transition. These connections can be made possible with an intermediate independent three-phase grid, for example. In order to do this, two
converter stations with full throughput capacity must be installed. These converters are connected to each other via a three-phase intermediate circuit and a transformer for increasing the
voltage. This intermediate circuit must not be operated with 50Hz, but significantly higher
frequencies can be used. This significantly reduces the size and the cost of the transformer.
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One disadvantage is that this component increases the overall investment costs and causes
greater losses and higher operating costs.
DC choppers are not yet available for the capacities that have been examined, and must be
developed if necessary.

Estimation of current manufacturing capacities and implementation times
A total cable length of 22,800 km was determined for the concept in accordance with Table
14-6. If implementation is going to take place by 2020, the cable manufacturers could accommodate this major demand and adapt their manufacturing capacities accordingly. However, the manufacturers recommend a clear definition from the investors/grid operators so that
they can react to market demand as quickly as possible and adapt their manufacturing capacity. A similar statement also applies to the manufacture of converter stations.
It must also be noted that the grid will not be produced immediately, but in several stages.
The construction measures in the existing 380 kV three-phase grid must also be taken into
consideration. Major reinforcement and development activities are also required in this grid.
The construction time for such a large infrastructure development is extremely difficult to estimate, and depends on many factors such as preparedness to start and implement this project,
political support and promotion, the financing plan, the approval procedure, the construction
plan and not least public acceptance of a grid extension.
Other boundary conditions also play a part in the implementation times, such as construction
times, crossing roads/rivers/railway lines, the safety regime for implementing and adapting
grid operation which call implementation by 2020 into question.

Compatibility of different technologies according to statements by the manufacturers
At present there are two manufacturers of HVDC systems with VSC technology. Although
the method of operation of the converters and the behaviour of the three-phase grid of the two
solutions are extremely similar, the design and the internal functionality are different.
However, in order to set up a direct voltage grid it is important for the different manufacturer
solutions to be able to be interconnected, since it would not make financial sense to be limited
to one manufacturer or just a few manufacturers. In other words, different parameters and
methods of working must be standardised in order to make it possible to connect different
VSC converter stations.
Standardisation is possible at several stages of development. To begin with, individual connections will be constructed that cannot be interconnected. However, even at this stage it will
be necessary to define the following basic framework conditions for constructing individual
connections:
HVDC technology:
it is important to first define a converter technology, since conventional technology
and VSC technology can only be interconnected to an extremely limited extent. In this
case, VSC technology is used for the reasons described above.
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Direct voltage:
the direct voltage grid should have a certain rated and operating voltage. This is the
prerequisite for being able to operate converter modules from different manufacturers.
There are ways of producing a hybrid solution, and the grid could be set up with different voltage levels. A subsequent increase to the voltage level will not be financially
meaningful, since the cables that are used restrict the voltage level and would therefore have to be replaced.
Information about control, safety elements and their parameters, measurement converters,
switching elements (load switches and disconnectors) and circuit breakers, is important for the
safety concept and the safety setting. The selectivity and the functionality of the protection
have already been described in Section 11.
The WG B4-52 work group was established by the CIGRÉ in 2009 with the topic of "Feasibility study for HVDC grids" in which experts from manufacturers, users and scientific experts worked together so that the different developments of VSC-HVDC technology can be
combined in a VSC-HVDC grid. The issues that are being addressed include cooperation between DC grids and AC grid, costs, the influence of faults in AC grids on DC grids and vice
versa, of faulty in DC grids on AC grids, different grid configurations with regard to costs, reliability and controllability etc.80
As a result of the work of WG B4-52 a type of DC grid code can be expected that could determine the structure and further development of VSC-HVDC technology. A result is expected in 2012.
The IEC also formed a committee in 2008 (TC 115) which has the task of investigating
"HVDC for DC voltages of greater than 100 kV". The activities of this workgroup will probably be taken over as a IEC standard
Summary
The conceptual technical feasibility of a direct voltage grid as an addition to extending the
three-phase grids has been examined here. VSC-HVDC technology has been identified as a
beneficial cable solution in Sections 10 and 11 and examined here.
Based on the results from various scenarios, which have been worked out in Section 11, a
structure for a direct current grid has been proposed. The transmission capacities and minimum capacities from the converter stations have been specified for this grid. The capacity per
direct current cable and converter station is assumed to be 1,100 MW
A distinction can be made between two direct current grid concepts:
Point-to-point connection and
Direct voltage grid with direct current busbars.
In the point-to-point concept, each direct current connection consists of a transmission route
with a power converter at the beginning and the end. This concept can be regarded as a preliminary stage of a direct voltage grid. With the "direct voltage grid" concept, the number of
converter stations set up at each node is the maximum quantity that is needed for the required
exchange capacity at this point. 11,400 km (1,550 km of which are required to connect the
80 ABB (2009)
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offshore wind farms) of direct current cable (system length) and 49 converter stations (7 of
which are for offshore wind farms) are needed for the "direct voltage grid" concept.
From a technological point of view, the set-up of such a VSC-HVDC direct voltage grid is
feasible according to the manufacturers. No technology gaps have to be filled for the initial
steps of the future VSC-HVDC grids. If required for the development / extension of the VSCHVDC "direct voltage grid", the existing direct current interrupters and direct current load interrupter switches must be replaced with the direct current circuit breakers that have been developed up to that point.
In order to create a VSC-HVDC direct voltage grid, synergies between the connection of individual wind farm clusters in the North Sea and the Baltic Sea can also be used, and these
connections taken into consideration as the beginning of a pan-German direct voltage grid.
VSC-HVDC technology has developed extremely rapidly over the last 10 years. The further
development of the VSC-HVDC components in the direction of higher capacities (voltage and
current capability) has proven to be extremely rapid. Another capacity increase is therefore
expected in the near future. The size of this increase is, however, extremely dependent on demand and requirements.
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System services

System services in electrical energy engineering bring together the measures that are needed
to maintain safe, stable grid operation. In the past, system services such as frequency control
and the feed-in of reactive power have mainly been provided by conventional power plants.
Because of the predicted increase in the proportion of renewable energy sources and the associated replacement of conventional synchronous generators, the need has arisen for regenerative generation systems to also play a part, especially in frequency and voltage maintenance.

15.1

Voltage support and short-circuit power

In the event of a short circuit in the electrical transmission grid it is important for the connected generation systems to be in a position to continue operating at the reduced voltage and
supply a short circuit current. Remaining on the grid after a voltage dip is referred to as a
Fault Ride-Through (FRT) or Low Voltage Ride-Through (LVRT). FRT is a prerequisite for
supplying an appropriate short circuit current. However, in the event of extremely low voltage
dips it may be necessary for the WT converter to be blocked for a short time, meaning that it
is no longer able to impress a short circuit current into the grid in a targeted way. However,
since the system remains connected to the grid and can start to operate again after a few milliseconds, this procedure is still referred to as successful FRT. The feeding of a short circuit
current means that the potential gradient area that forms in the grid and the effects thereof on
old WT systems and consumers remain limited.
In the event of a voltage dip, modern WTs feed additional reactive current into the grid. However, this is less than the short circuit current contribution of the conventional units. Because
of the continued integration of an increasing amount of feed-in capacity from wind power
plants and other renewable energy sources, more and more changes are occurring to the processes in the grid during and after a short circuit. On the one hand, this is caused by the use of
generator unit technologies, and on the other hand by the fact that the power is no longer fed
in directly at a central location to the high or extra high voltage grid, but distributed in the low
or medium voltage grid. Due to coupling via transformers and the high impedance thereof, the
generators that are connected in the lower levels cannot provide sufficient voltage support for
the transmission grid during a fault. Because of their grid incorporation in lower voltage levels, WTs are hardly able to provide the grid short circuit and reactive power that is needed in
the transmission grid, and most of the reduced infeed of short circuit and reactive power
caused by wind-related replacement of conventional infeed has to replaced in another way.
The short circuit power is supported by intensive meshing with foreign interconnected systems at a lower but largely still adequate level, provided that conventional generation predominates in the neighbouring grids. On the other hand, the reactive power requirement in the
overall transmission grid will increase, and will have to be provided by compensation equipment in future. The requirement is estimated in Section 13.
The calculations that were made during the dena I study revealed that the voltage can also be
expected to recover slowly after the fault. This is mainly caused by the old WT systems with
synchronous generators, which are still on the grid and which are extremely inductive when
the voltage returns and therefore hinder the recovery of the voltage. The worst case of a short
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circuit in close proximity to a generator can lead to the affected conventional power plant being shut down, since the return of the auxiliary voltage is slowed down considerably. Shutting
down the wind power plants in the event of a fault is not a solution, since this could lead to a
considerable generation deficit and therefore destabilisation of the entire grid.
The changes that go hand in hand with the integration of renewable energy sources make new
demands on existing conventional power plants, including those that still have to be integrated. It must be ensured that the stability of these units is safeguarded, even in the event of
large WT infeeds in the proximity thereof.
This section describes the state of the existing technologies in the wind power plant and grid
operating equipment areas with regard to their effect on the grid. Foreseeable developments
and potential developments are described that could influence the behaviour of the grid in the
event of a fault, particularly with regard to voltage support and short circuit current contribution.
For the above-mentioned reasons, the short circuit and reactive power contributions by wind
power plants only have regional significance in grid regions or voltage levels where plants are
connected. From the point of view of the transmission grid, the main focus is on their behaviour in the event of a fault.

15.1.1
15.1.1.1

Wind power plants

State of technology

15.1.1.1.1 Overview
The modern WTs that are mainly used nowadays can be divided into two categories:
a) Systems with double-fed asynchronous generators (Doubly Fed Induction Generator,
DFIG) and
b) Systems with full converters
Figure 15-1 shows the design and the main features of the control in both WT types.
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Figure 15-1:

Design and control of modern WTs

a) DFIG system

b) Full converter system

Source: Uni Duisburg Essen

15.1.1.1.2 DFIG systems
The variable speed that is required for optimum utilisation of the wind power is achieved here
by applying a three-phase system with variable frequency and amplitude to the rotor circuits
of the machine. The power flow via the converter is bidirectional and depends on the speed of
the generator in relation to the grid frequency. The intermediate voltage circuit converter itself
is usually dimensioned for approximately 1/3 of the rated power. The stator is directly connected to the grid.
In the event of a voltage dip at the grid side, additional reactive current (capacitive, overexcited) is fed into the grid via the RSC and the DFIG. In some systems, reactive current is also
supplied directly into the grid with the LSC, provided that the current-carrying capacity of the
semiconductors permits it. This reaction, which is known as voltage support, is achieved by
means of voltage control with a dead band. An onshore dead band of ±10 % and an offshore
dead band of ±5 % is currently required by the grid operators. The dead band is intended to
prevent uncoordinated control of different systems during normal operation. However, the
WTs would certainly be in a position to control the voltage continuously without a dead band,
as with conventional synchronous generators.
Extremely low voltage dips can lead to impermissibly high rotor current and therefore converter current. In order to prevent the semiconductor valves from being destroyed, these must
be blocked. Since the current may possible continue to flow into the intermediate circuit via
the freewheeling diodes, high intermediate circuit voltages can occur that have to be limited.
Previously it was usually the case that protective resistors (so-called crowbars) were switched
to the rotor via thyristors, meaning that the current no longer flowed via the RSC but via the
crowbar. However, this causes controllability of the system to be lost for approx. 100 ms or
even longer. During this time, the WTs act like a cage rotor asynchronous machine that obtains reactive current from the grid. Since this behaviour is damaging to the grid, an increas342
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ing number of manufacturers are starting to use other FRT concepts in their systems. These
include active crowbars and powerful choppers in the intermediate voltage circuit. At present,
DFIG-based WTs are on the market that can withstand nearly all conceivable voltage dips
without needing to activate a conventional crowbar. However, semiconductor blocking at excessive currents cannot be avoided. The duration can, however, be limited to the phase of the
high currents (instantaneous values), usually a few milliseconds.
15.1.1.1.3 Full converter systems
In these systems the total WT capacity is fed into the grid via an intermediate voltage circuit
converter. Asynchronous or synchronous machines can be used as the generator. The latter
can be excited using an exciter coil like conventional synchronous generators, or via permanent magnets. With regard to electrical behaviour it does not matter whether a gearbox is present or whether the gearbox is dispensed with (as is the case with some manufacturers).
The behaviour of the full converter systems when voltage dips occur in the grid is essentially
determined by the converter at the grid side. This is designed such that a certain reactive current can be fed in both steadily or also during a short circuit. Here too it may be necessary to
block the semiconductor valves for a short time in the event of impermissibly high currents.
However, in a normal case control kicks in again after a few milliseconds. Since the energy
supply from the generator cannot be abruptly interrupted, these systems have a chopper in the
intermediate DC circuit that is designed such that the entire power can be consumed in the
chopper. FRT is therefore guaranteed. Voltage support in the event of a fault is in the form of
voltage control with dead band at the grid-side converter, as is also the case with DFIG systems.
15.1.1.1.4 Riding through faults, and voltage support
Both types of system are now designed to be able to feed at least 1.0 p.u. of reactive current
for voltage support if necessary, as is required in Transmission Code 2007. The reactive current infeed is usually directly restricted to 1.0 p.u., even if the semiconductors would permit a
higher current. The reason for this is the need to provide unrestricted active current infeed,
even in the event of voltage dips. For the first time, it was pointed out in the Ordinance on
System Services by Wind Energy Plants (2009) that a reduction in the active current in favour
of a reactive current infeed in the event of voltage dips is permitted as far as the grid is concerned, and is even desirable. The dynamic characteristics of the reactive current infeed in the
event of a fault have also been defined in the Ordinance. According to this, the step response
of the reactive current should have a maximum response time of 30 ms and a settling time of
no more than 60 ms. In a steady state, this voltage control should demonstrate proportional
behaviour, and the amplification factor (gain) must be adjustable. The majority of manufacturers have already made the necessary technical adjustments, meaning that it can be assumed
that the requirements specified in the Ordinance have already been met by the majority of
WTs, or will be met in the near future.
WTs are connected at the medium voltage level. Because of the impedance between the WT
and extra high voltage node, which is usually high, the impressed reactive current can only
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support the voltage in the higher-order grid to a limited extent in the event of a fault. With
offshore wind farms the situation is even less favourable because of the cable to the mainland,
which is long in the majority of cases. The voltage drop over the route to the grid connection
point also causes the WT to see a smaller voltage dip than is actually present in the extra high
voltage grid, and therefore react with a lower reactive current infeed. However, this effect can
be counteracted by increasing the gain of the voltage controller.
Modern WTs are now in a position to ride through faults, even if there is zero voltage at the
grid connecting point. It may only be necessary to block the converter briefly, which would,
however, mean that no reactive current infeed would be possible as voltage support during
this time.
15.1.1.2

Potential developments

15.1.1.2.1 Riding through faults, and voltage support
The most obvious solution for increasing reactive current impression during the fault would
be to increase the dimensioning of the WT converter. However, this can only be done at considerably increased cost. There are two ways of feeding a greater amount of reactive current
with modern WTs:
-

Utilise the brief thermal overloading capability of the semiconductor valves

- Reduce the active current in favour of a higher reactive current.
A certain brief semiconductor valve overload is usually possible, provided that the current
semiconductor temperature is monitored by a safety system and the maximum permitted value
is not exceeded under any circumstances. The amount of current is decisive for the loadability
of the semiconductors. If the active current is reduced, more reactive current can be fed.
However, a lower active current may lead to a situation whereby the WT generator is no
longer able to deliver the power and accelerates as a result. However, this must not cause the
critical maximum speed to be reached, since this would lead to the system being disconnected
from the grid.
During the voltage dip, priority would have to be given to the reactive current when the converter current was being limited. This would cause the active current to be forced back by the
reactive current with a specified maximum amount of current. On the other hand, this forced
active current reduction is useful for the grid, since the load dips anyway because of the low
voltage. In wind farms which are connected to the grid via a relatively large impedance, the
simultaneous impression of large active and reactive currents can lead to a loss of transient
stability. 81 For this reason, it is advisable to limit the infeed of active current at low voltages.
The majority of WT manufacturers have developed solutions to the problem of riding through
low voltage dips, which largely avoid triggering the crowbar. However, large current spikes
can occur immediately after a voltage dip and possibly after the return of the voltage, which
may make brief blocking of the converter necessary. The term "brief disconnection of the
generator unit" (KTE) was introduced in the high and extra high voltage grid connection rules
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(2006) and Transmission Code 2007, which was intended to designate known or potential
technical solutions that make it possible to protect the system and allow normal control to be
quickly resumed. In this respect, brief blocking of the converter can be designated KTE. On
the other hand, KTE is hardly taken into consideration in the relevant WT test instructions.
This is mainly because KTE has not been sufficiently defined until now. The effects of converter blocking on the grid, particularly on the current that is fed and the resulting operation of
the grid protection, have not yet been investigated.
15.1.1.2.2 Short circuit current of the WT and behaviour in the event of nonsymmetrical faults
There is still a lack of suitable standard procedures for calculating the short circuit current
contribution of the WTs. Procedures like this are needed during the planning of wind farms
and WTs. The short circuit currents of the WTs are currently usually determined using the
conventional methods of standardised short circuit current calculation, which are not tailored
to WTs. For this reason, the short circuit currents may contain large errors.
With regard to the behaviour of the WT in the event of non-symmetrical faults, a statement is
made for the first time in the Ordinance on System Services by Wind Energy Plants (2009)
According to this, the WT should be able to feed a positive-sequence system reactive current
of at least 40 % in the presence of a negative-sequence system. However, WTs would also be
in a position to counteract reverse current to a certain extent. DFIG systems do it frequently in
a pseudo-steady state in order to reduce the vibration torque in the generator caused by the
possible presence of a negative-sequence system. However, the expectations at the grid side
with regard to the reverse current have not yet been defined, given the new negative-sequence
system control possibilities provided by the WTs.
15.1.1.2.3 STATCOM function
The converter in the system can also be used as STATCOM whilst the wind turbine is at a
standstill. This makes it possible to make a contribution to voltage support and voltage control
using wind power plants even if there is no wind. With full converter systems, almost all of
the total system capacity would be available. DFIG WTs could still use the converter at the
grid side (approx. 30 % of the system capacity). Some manufacturers already provide the
STATCOM function. However, it is seldom used, since the owners of the WTs are not motivated to feed reactive power and voltage control, and this functionality involves both procurement and operating costs (losses).
15.1.1.2.4 Directly connected synchronous generators
The use of directly connected synchronous generators wind power plants has so far not been
widespread because they would not allow optimum use to be made of the wind energy because of the fact that the speed was inflexibly related to the grid frequency. Because of a new
type of hydro-dynamic gearbox which is close to being launched on the market for wind

81 Erlich et al. (2009)
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power plants, it is possible to separate the speed of the wind rotor from that of the generator.
The speed of the wind rotor can also be quickly adapted to wind speed changes. The use of a
synchronous generator provides the same effective voltage support that is known from conventional generating units. A considerable amount of experience is available with the continuous voltage control that is normally used there.
15.1.1.2.5 Piller principle
The so-called "Piller Principle" is a solution that has mainly been developed for old wind
power plants with asynchronous motors that are directly connected to the grid. The WT is
supplemented by a synchronous generator with less capacity. This is connected to the grid
connection line and operates continuously as a rotating phase shifter. An inductivity for decoupling exists between the synchronous generator and the WT and also between the grid and
the synchronous machine. The wind power plant is also supplemented by a chopper.
During a voltage dip in the higher-order grid, the synchronous machine will support the voltage by feeding in a reactive current. Because of the inductivity between the synchronous generator and the WT, the machine of the wind turbine will hardly be affected by the voltage dip
if the design is correct. However, since less active power can be delivered to the grid if the
voltage is reduced, the chopper is enabled in order to consume the excess active power. The
additional inductivity between the synchronous generator and the grid connecting point makes
it difficult to provide effective voltage support in the grid. With old turbines that use asynchronous machines that are directly coupled to the grid, this system can prevent the machines
from obtaining a large amount of reactive current from the grid when the voltage is restored.
15.1.1.2.6 Neutral point earthing of the WT block transformers
The block transformers of modern WTs have a delta winding at the upper voltage side and a
star-connected winding at the machine or converter side. This means that neutral point
earthing is no longer possible at the high voltage side, and the wind farm builders have to
provide additional neutral earthing transformers for this purpose. On the other hand, the neutral point at the system side is not needed for the converter or generator, or could easily be replaced with another technical solution. If the switching group of the block transformer was
turned round, as is the case with conventional generators, the neutral point at the high-voltage
side could be used for the neutral-point connection to the medium-voltage grid. This would
ensure that line-to-earth short circuit current that was sufficient for selective safety shut-offs
would be flowing with appropriate neutral point earthing. Grid branches with connected WTs
could also no longer remain without neutral-point earthing after disconnection from the infeed
node.
15.1.1.3

Technologies and measures that are achievable in the short and medium
term

15.1.1.3.1 Technologies and measures that are achievable in the short term
Of the above-mentioned measures, only those that do not require modifications to the design
of the systems that are currently being sold are likely to be feasible in the short term. In all
converter-fed systems, this would be better utilisation of the semiconductor valves so that
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more electricity could be fed in critical situations. Associated with this is the correct setting of
the priority for active and reactive current infeeding during a voltage dip. The avoidance of
crowbar activation during the FRT phase has already been solved by the majority of WT
manufacturers by implementing appropriate technical measures. This includes the use of more
powerful choppers in the intermediate voltage circuit of the DFIG. It can be expected that all
systems will be able to drive through low voltage dips without crowbar activation in the near
future.
The use of the converter as STATCOM during periods without wind depends on the extent to
which this technology is accepted for maintaining voltage in medium-voltage grids and appreciated by the grid operators. Some manufacturers already provide a facility for operating
their systems in STATCOM mode. However, in reality they are seldom used.
15.1.1.3.2 Technologies and measures that are achievable in the medium term
At present it is difficult to estimate how quickly wind power plants with synchronous machines directly connected to the grid will make up a significant proportion on the grid. Up to
now there has been pilot production of these systems with a 2 MW generator. The actual assertion of this principle will mainly depend on whether a 5 MW variant will be available in
the near future, and what practical experience will be gained with it.
The use of Piller technology seems fairly meaningless with the latest modern WTs. This technology prevents the wind turbine control system from detecting the grid fault and feeding a
reactive current. On the other hand, the system can be meaningfully deployed with old WTs
with simple asynchronous generators.
Turning round the switching group of the WT block transformer requires redevelopment of
the transformer. However, since it is a conventional element, it would be possible to implement this change in all new WTs in a few years.
WTs have undergone a considerable amount of technical improvement in the last few years.
The discussions between grid operators and WT manufacturers and the definition of grid connecting rules have provided some important impetus. At present there are different guidelines
in Germany for connecting and operating WTs on the grid.82 Some of these contain different
requirements that even contradict each other in some areas and also provide room for different
interpretations. For this reason, harmonisation and better coordination of the grid connection
rules are recommended. WT manufacturers could then work according to uniform and clear
requirements, which would be extremely beneficial for rapid implementation.
There will be a considerable reduction in the proportion of conventional power plants in the
future. Some of the system services must therefore also be taken over by wind farms and
WTs. This also includes reactive power regulation during normal operation. From a technical
point of view, WTs are extremely suitable for this. It is therefore advisable for continuous
voltage control to be called for as the normal case for large wind farms that feed directly into
the high voltage and extra high voltage grid. The possibility of this has already been created in

82 see Transmission Code 2007; Ordinance on System Services by Wind Energy Plants (2009), Extra High
Voltage Grid Connection Code (2009). Technical Guideline for Generation Systems in the Medium-voltage
Grid (2008)
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Transmission Code 2007. If necessary, WT manufacturers must create suitable, coordinated
wind farm WT rule structures so that voltage and reactive power at the grid connection point
can be controlled in the best possible way by the WTs in the wind farm that are connected to
the medium-voltage level in a distributed way.

15.1.2
15.1.2.1

Technical grid operating equipment

State of technology

15.1.2.1.1 Rotating phase shifters
Rotating phase shifters are (usually large) synchronous machines that control their reactive
power exchange with the grid by setting the exciter voltage. They obtain the energy that they
require to start up and their lost energy from the grid. During a short circuit, these machines
feed a considerable short circuit current into the grid. Rotating phase shifters can be installed
as additional units in critical locations in the grid to support the voltage in the event of a fault.
They would also help to control the reactive power in the grid during normal operation.
Pumped storage plants are ideal for phase shifting operation. In order to provide sufficient
short circuit power in the windy north during low load periods, the synchronous machines can
use the conventional power plants that are installed there as phase shifters. However, this requires far-reaching and cost-intensive conversion measures in the existing power plants.
Rotating phase shifters provide effective voltage support, even at extremely low voltage dips.
15.1.2.1.2 SVC/TCR
In an SVC (Static Var Compensator) the reactive power is generated in capacitors and inductivities. Continuous control is made possible by means of the phase angle control with thyristors that is used. TCR (Thyristor Controlled Reactor) is a special form in which only inductivities are switched. The control system is usually in a position to also control rapid voltage
fluctuations. However, the adjusting range is quickly used up in the event of large voltage
changes. The reactive current that is generated/delivered by the SCV is accordingly proportional to the voltage, and as such the contribution of the SVC to the voltage increase during
the fault is limited. When the voltage is restored, the SVC can help to stabilise the voltage. In
an SVC/TCR the reactive power must be kept in capacitors/inductors. According to information83 from the WECC (Western Electricity Coordinating Council, USA), the installation
costs for SVC at the 230 kV level are 75,000 USD/MVAr (status in 2009, corresponds to
about 58,000 EUR/MVAr).

83 Talk by Baj Agrawal, "Reactors, Capacitors, SVC, PSS", Long term transmission planning seminar, January
2009.
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15.1.2.1.3 STATCOM
A STATCOM (Static Synchronous Compensator) is a three-phase converter with a direct
voltage circuit. This direct voltage circuit is supported via one or more capacitors. However,
the capacitor can be relatively small, since the reactive power delivered by the STATCOM
does not occur in this capacitor. With rapidly switchable electronic components, the required
inductive or capacitive current is impressed in the grid using pulse width modulation (PWM).
A STATCOM can be controlled quickly enough to also support the grid voltage in the event
of a fault. However, the losses are greater than those of SVC. If the terminal voltage of the
STATCOM drops below a certain limit (approx. 10 % UN), the STATCOM has to be blocked
for safety reasons, similarly to the WT converter.
Experience in the use of large STATCOM capacities in grid operation has shown the need to
prevent an infeed of the maximum capacitive reactive current in the event of extremely low
voltage dips, also from a grid point of view. If you did this, the initial voltage overshoot when
the voltage is restored could even be intensified by the STATCOM. For this reason, the
STATCOM is not usually fully capacitively actuated in the event of extremely low voltage
dips.
According to information from RWE Innogy, the investment costs for a STATCOM are
100,000 GBP per MVA of apparent power. These costs already include necessary expenditure
for design, installation work, connection to medium voltage etc. The STATCOM was intended for incorporation in a medium voltage wind farm network. As of Sept. 2010 the costs
were approx. 118,000 EUR/MVA. The running costs for operational losses, maintenance etc.
must be added to this.
15.1.2.2

Improvement potential

15.1.2.2.1 Rotating phase shifters
Since the rotating phase shifters are synchronous machines that have been available for many
years, it must be assumed that there will not be any more major, extensive further developments.
15.1.2.2.2 SVC/TCR
SVCs have been used in transmission technology for many years, and can be considered to be
comparatively mature. Current developments are taking place in the areas of increasing the
capacity of the semiconductor valves that are used and reducing losses.
15.1.2.2.3 STATCOM
Whereas the first STATCOMs were equipped with GTOs as valves, IGBTs have asserted
themselves in recent years. These reduce losses and make it possible to have a considerably
higher clock frequency, which has led to a reduction in the number of filters. However, the
voltage and the current of IGBT are still extremely limited, which is why these components
have to be cascaded for elements with greater capacity and voltage. IGBTs will undergo further optimisation in the next few years in order to minimise loss. Like almost all semiconduc349
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tor elements, a price reduction can also be expected in this area. In order to reduce operational
losses even further, strategies exist for reducing the clock frequency during normal steady operation. Since the switch losses mainly consist of switch losses during the transition from the
conducting state to the blocking state (or vice-versa), this measure can have a fairly major effect. However, additional filters would have to be installed for the lower clock frequency in
order to siphon off the modified (switching) harmonics. IGCTs, on the other hand, combine
the low line losses of thyristors and the breaking capacity of IGBT. In comparison to IGBT,
they can switch larger currents reliably with the same voltage. This would reduce the configuration and the losses of high-performance STATCOMs, which would probably also reduce
costs. The development of self-commutated high voltage direct current transmission (VSCHVDC) has shown that it is possible to construct semiconductor elements for the high voltage
level by means of extensive cascading. However, it remains doubtful whether STATCOMs
can be operated with high voltage in a financially meaningful way in the future.
15.1.2.3

Technologies and measures that are achievable in the short and medium
term

15.1.2.3.1 Voltage support
All new electronic operating equipment (STATCOM, VSC-HVDC, SVC/TCR) that is connected to the high voltage and the extra high voltage grid must be in a position to participate
in the voltage and reactive power control of the grid. Their importance compared with conventional synchronous generators as a reactive power source will increase in the future. This
new operating equipment must be able to feed variable reactive power in accordance with the
requirements of the grid, and provide forced voltage support in the event of a fault. Systems
that are connected to the medium and low voltage grid should also be in a position to feed
variable reactive power, but they must not work against each other. Stable and reliable operation must be guaranteed, also in interaction with the tap changers of the step-down transformer.
15.1.2.3.2 Reduced short-circuit power
In spite of all of the WT and grid measures, the short-circuit power in the grid can be expected
to reduce. In order to be prepared for this change, precautions must be taken in good time.
This may involve grid protection, automatic damage prevention systems, the stability of conventional synchronous generators, the damping of electro-mechanical vibration, the use of filters for harmonics etc.

15.2

Islanding capability and network restoration in the event of major faults, and system safety aspects

In the event of a major fault involving loss of generator units, loads and transmission elements, the transmission grid may fall apart under unfavourable circumstances. If the expansion of the fault cannot be avoided, parts of the grid should be stabilised as islands. This
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would, however, require the generation and consumption to be fairly equal in these locations,
or that equilibrium can be established by means of load shedding or an increase/reduction in
generator capacity. If power plants have been disconnected from the network, the main goal is
to switch them to auxiliary service so that they can be returned to the grid as quickly as possible.
WTs do not currently participate in the voltage and frequency control of the grid. If islands
with a large proportion of wind energy infeed are formed during the course of the fault, there
is a risk that the conventional systems that are still present will not be able to stabilise the
voltage and frequency in the grid. According to the currently valid grid connecting rules84,
WTs only have to lower their capacity linearly together with the frequency above 50.2 Hz. 85
This measure will probably no longer be adequate in the future. It is important for WTs to
participate in the voltage and frequency control tasks.
The network can be restored starting with islands, power plants that have switched to auxiliary load, or generator units with black start capability. The grid is gradually increased in size
by successively enabling generator units and loads. A prerequisite here is also that at least one
unit controls the frequency and is able to provide capacity at the level of the enabled loads
without the frequency dropping too low. The reactive power balance in the grid also has to be
right, which assumes that voltage-controlled elements are present.
The state of technology is described below, whereby the main focus should be on describing
the possibilities of WTs. Then the expectations regarding the behaviour of WTs in the event
of major faults and a concept for the participation of WTs in restoring the network are introduced.

15.2.1
15.2.1.1

State of technology and development potential

Contribution of wind power plants to controlling voltage and frequency

At present, WTs do not contribute to supporting the voltage until the voltage differs from the
setpoint by more than ±10 % (±5 % offshore). This means that this voltage control is only active in the event of a fault. During normal operation, the task of voltage control is mainly left
to conventional generator units.86 WTs are usually given a specified setpoint for the power
factor, the reactive power or (infrequently) the voltage, which they use independently of the
actual grid requirements. This behaviour is inadequate when grid islands are formed as a result of a major fault or during network restoration with the involvement of the WTs.
WTs are already in a position to provide continuous voltage control in a similar way to conventional synchronous generators, but the grid operators seldom make use of this facility. 87
The reason for this is the fear that the systems would control in an uncoordinated way, possi84 Eon Netz GmbH (2009)
85 If the grid operator takes measures in accordance with § 13 para. 2 of the EnWG, he can also embed WTs in
other configurations or switch them off altogether
86Conventional systems are pre-qualified at regular intervals, which is not the case with WTs.
87This facility also exists independently of the prevailing wind situation, since the time taken to restore the network is not usually dependent on the weather.
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bly against the transformer tap changers, meaning that undesirable effects and an unfavourable voltage profile could occur, particularly in medium voltage grids. The extent to which
these fears are justified has not yet been systematically examined. The situation is clearer for
large wind farms that are incorporated into the high voltage and extra high voltage grid. Direct continuous voltage control would already be possible and advisable in this case. Continuous voltage control is a prerequisite for stable operation of a grid island with a large proportion of WTs.
The task of controlling the frequency in the grid is now exclusively carried out by conventional power plants. Selected blocks (steam, water or gas turbine power plants) retain a certain
power reserve for this purpose, which can be activated by a frequency controller with defined
technical characteristics (primary control). This system service is reimbursed accordingly. As
far as the WTs are concerned, the payment depends on the amount of energy that is fed in.
WT operators are therefore only interested in running their systems at maximum energy yield.
To date there has been a lack of financial incentive to participate in primary control.
From a technical point of view, WTs could provide the additional power that is required for
frequency control in the following way:
-

"Throttling" the power by adjusting the rotor angle. This would cause the system to
initially generate less power than would be possible in principle because of the wind
strength, and therefore keep something in reserve should frequency control be required.

-

Feeding of additional power by means of releasing kinetic energy from the rotating
mass.
Keeping a reserve by throttling:
WTs would retain a certain amount of balancing power in this way, providing that sufficient
wind is present. The rotor blade adjustment that is required would have to be calculated in the
system controller depending on the operating point and the amount of reserve power that is
required. A suitable control loop would also be needed in the WT to control the grid frequency and therefore the usage of this reserve power. In principle, the adjusting speed of
modern pitch drives is sufficient to quickly mobilise the power for the grid if necessary. Only
the loss of energy yield and the resulting financial losses for the WT operators are problematic
with this method. However, this disadvantage could be rectified by creating suitable legal
framework conditions.88 It would also be possible to restrict these technical alternatives to
certain "emergency situations". Suitable communication connections to the WT and the appropriate control equipment in the grid control room would have to be set up in order to instruct the dispatcher to carry out the throttling and the frequency control.
In view of the anticipated high proportion of wind energy in power generation, it would appear advisable to at least plan the possibility of WT participation in controlling the grid frequency. In the event of a grid collapse, island formation and network restoration you would be
dependent on this facility if the proportion of available conventional power plants is low.

88 Only possible with direct marketing
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EirGrid, the transmission system operator of the Irish Republic, published a grid code in 2004
that makes extensive demands of WTs. This became necessary because Ireland has a small
grid with a peak load of 4,906 MW. By way of contrast there is a peak load from wind power
infeeding of 716 MW, which does not, however, coincide with the peak consumption. In order to provide stable operation of this relatively small island grid under these conditions, WTs
must have a continuous voltage controller and be able to participate in frequency control. The
characteristic curve shown in Figure 15-2 was published for this purpose.
Figure 15-2:

Frequency characteristic curve for WTs from EirGrid

Source: EirGrid

EirGrid negotiates two characteristic curves with the wind farm operators, defined via the six
marked support points: All wind farms also require a feed to the grid control centre. From
there it is possible to switch to the characteristic curve for affected operation and back again.
Use of kinetic energy of the rotating WT mass:
This method was first proposed in Canada in order to support the slow power increase of hydroelectric power plants in the event of a frequency dip. With modern WTs the speed of the
WT generator is essentially decoupled from the grid frequency. You can also control the
power delivery to the grid using the converter control, independently of the actual wind power
that is supplied. If the WT control system detects a falling grid frequency, more power can be
fed into the grid at the expense of the kinetic energy of the rotating mass. However, since the
driving power of the wind remains unchanged, this causes the generator to decelerate. This
measure can therefore only be of a short duration (approx. 10-15 sec.), otherwise the speed
drops too low. Another disadvantage is that as the rotor slows down, the power that is generated by the wind via the blades also reduces. After this slow-down phase and feeding of more
power into the grid, the generator must be relieved by the controller so that the speed can be
brought back into the normal range. However, this means that even less power is fed than
could be generated by the wind. Figure 15-3 shows the physical interrelationships.
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Figure 15-3: Use of kinetic energy of the rotating WT mass

Source: University of Duisburg Essen

The example was simulated in a test grid using realistic WT models, whereby the pitch controller had an additional control loop for the grid frequency.
Several manufacturers have already implemented control solutions for utilising the kinetic energy of the rotating WT mass in their systems. The extent to which this method proves itself
in practice with a large proportion of WTs in the system remains to be seen. The procedure
basically makes it possible to feed a little more power into the grid in the starting phase, up to
10-15 sec. after the fault, and thus to gain time until slower generator units catch up. However, the WTs feed less power into the grid during the subsequent acceleration phase. For this
reason, another frequency dip can occur which may be even lower. Simulation has revealed
that the controller parameters are extremely sensitive with regard to the nature and level of the
fault, the grid load, the proportion of WTs in the total capacity and the behaviour of the other
primary controlled generator units. For this reason, this method should be thoroughly tested
for its practical suitability before it starts to be widely used.
The WTs that are currently used are designed to synchronise themselves to a voltage that is
provided by the grid and then feed active and reactive power into the grid whilst orienting
themselves to this voltage. This rules out the possibility of a black start of an individual WT
or a wind farm without external assistance. Theoretically, in a wind farm the voltage could
also be provided by an emergency power unit that may be present. However, this start-up
method has not yet been tried out in practice. The extent to which several WTs can be operated practically without a load in a stable way with a relatively small emergency power unit
also remains to be clarified. This condition is required if network restoration is to be carried
354

System services

out just using WTs or a wind farm. In order to take over the subsequent additional loads, the
WTs must also operate in frequency-controlled mode. However, the connection between
power imbalance and frequency behaviour is cancelled out in a grid that is exclusively being
fed by converters. For this reason, it must also be checked that the frequency control is operating correctly.
For the above-mentioned reasons, the use of WTs or wind farms would not necessarily be
successful in the initial stages of network restoration. On the other hand, a wind farm could be
synchronised to an existing sub-grid and feed a certain amount of power provided by the
wind. The question is how much power can be actually considered to be assured in a wind
farm over a period of several hours. Declining infeed from the wind farm could put the entire
network restoration at risk.
15.2.1.2

Contribution of existing power plants

Comprehensive experience is available with conventional power plants with regard to frequency and power control, black start capability and use during network restoration. In a grid
with a high proportion of wind power, conventional power plants must cut back their capacity
significantly in favour of WTs. Their maximum power gradients and the minimum load that is
still permitted are of interest when doing this.
The following Table 15-1 provides a rough overview of the power control options and the
relevant gradients of thermal power plants. With regard to the minimum load and the power
gradients, gas turbines and combined cycle gas turbines definitely have the best characteristics. Coal-fired and nuclear power plants have a minimum load or are operated in the nominal
power range for safety reasons.

355

System services

Table 15-1:

Conventional power plants – state of technology

Source: Siemens

15.2.1.3

Use of FACTS

The elements in the Flexible AC Transmission Systems (FACTS) family, be it either lateral or
longitudinal elements, provide various options for influencing the load flow and the voltage.
In conjunction with a higher-order control system, they allow the existing operating equipment to be utilised in a better way and make it possible to increase the stability reserves at the
same capacity utilisation. Whereas the lateral elements mainly support the voltage at the connecting node, the longitudinal elements make it possible to change the load flow and the
phase angle between two neighbouring nodes. A regionally balanced reactive power situation
in steady condition increases reserves with regard to voltage stability. FACTS have beneficial
characteristics, particularly during a fault in the grid, which are attributable to the use of semiconductors and an appropriately fast control system.

15.2.2

Operation of sub-grids with a high proportion of wind power
plants

15.2.2.1

Anticipated changes

Modern WTs hardly contribute to the inertia of the overall system. For this reason, the behaviour of the grid frequency after a power balance problem such as a power plant failure will accelerate. Figure 15-4 clarifies this trend.
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Figure 15-4:

Grid frequency curve after a power plant failure with differing WT
generation proportions

Source: University of Duisburg Essen

Continuous voltage control by the WT has already been assumed for this example. With all of
the simulated variants, the same reserve capacity in a hydroelectric power plant was available
for the frequency control. The example shows that the frequency minimum will occur sooner
as the proportion of WT energy increases. The frequency also drops further, which is attributable to the fact that the primary controlled conventional power plant cannot mobilise the reserve capacity quickly enough in accordance with the increasing demand. The described effect could be counteracted if the WTs were operated in a throttled manner and participated in
controlling the grid frequency. However, the same result could be achieved by means of
measures at the conventional primary-controlled units by increasing the control dynamics in
the critical time range of 0-15 seconds. However, it must be pointed out that these are control
solutions resulting in additional component loading as a substitute for reducing systemimmanent inertia (start-up time constant).
15.2.2.2

Action required in wind power plants

In order to achieve sub-grid operation with a high degree of wind energy, these must be more
involved in supporting the grid than they have been. This affects both voltage / reactive power
control, and also frequency / active power control. The relevant control loops in the WTs must
be designed such that no undesirable opposing dynamic influences occur, including with con357
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ventional units. WTs may need to have additional equipment for damping electro-mechanical
grid swings (Power System Stabilizer, PSS).
15.2.2.3

Requirements of conventional power plants

All power plants based on synchronous machines that are directly incorporated in the grid can
make a considerable contribution to grid stability by means of appropriate generator turbine
and voltage control. At present it is not possible to run large sub-grids as island grids if they
only consist of wind power or solar power systems. A proportion of so-called "Must Run
Units" as synchronous generators with appropriate turbine and exciter control will be also be
needed in the future for potential sub-grids. The level of this proportion depends on the extent
to which the voltage and frequency control tasks are successfully transferred to the WTs.
Generator units are also needed that are able to compensate for the fluctuating infeed of wind
energy. These are currently conventional units. In principle, WTs would be in a position to
keep a certain power reserve by means of throttling. However, the extent to which this is
meaningful from the point of view of energy policy and finance has not been sufficiently investigated.
The increasing power transits and lower grid short circuit power will lead to a situation
whereby the transient stability of conventional power plant generators will worsen. This trend
makes the use of so-called "fast valving" necessary, whereby brief turbine-side relief is provided in the event of a local grid short circuit [12.2]. Experts have known about fast valving
since the 1930s. It has been the subject of further discussion since the 1960s, and is now the
state of the art. Fast valving involves the rapid opening and closing of steam valves when an
electrical short circuit occurs in the transmission grid. It is intended to reduce the amount of
energy being led to the generator before the fault is remedied to such an extent that the generator is not accelerated beyond the stability limit. The use thereof to improve the transient
stability of large synchronous machines is recommended by important national and international regulatory bodies (ENTSO-E Operational Handbook, Cigré).
15.2.2.4

Other grid operating equipment requirements

All of the operating equipment mentioned in the previous sections that make fast load flow
control, voltage and frequency control possible is useful for maintaining grid stability in the
event of and after a major fault. Particularly in an islanded system that occurs after a grid collapse or during network restoration, the probability of grid survival mainly depends on the
presence of these elements. Since the majority of WTs are connected to the medium voltage
level, the effect thereof on the high and extra high voltage grid is limited. For this reason, it
must be ensured that a sufficient quantity of grid operating equipment with a direct connection to the high and extra high voltage grid is present. This operating equipment must have
fast adjusting and control capability in order to cope with the anticipated changes to the grid
dynamics. In view of the reduction in immanent grid inertia (start-up time constant) it would
appear advisable to check the effectiveness of the primary control system and the concept of
targeted frequency-dependent load shedding.
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15.2.3

Key issues concerning a network restoration concept with
WT participation

During network restoration, a distinction must be made between network restoration in an existing sub-network and network restoration after a grid collapse (so-called "black start").
WTs and wind farms have not been designed for black starts to date. This is not required at
present, and would be uneconomical from the point of view of a WT operator under the current infeed remuneration conditions. The following would be necessary to do this (the respective measure that is required for future implementation is shown in brackets)
Energy storage or emergency power units for covering own requirements of the WT
for starting up (investigation required)
Synchronisation of WTs with an idling wind farm grid (already possible) and stable
operation for several minutes on the idling grid (to be clarified)
Communication and control connections for (large) wind farms to grid control system
(extend functionality)
Throttled operation of WTs to provide a defined active capacity for several hours during network restoration (already possible)
Islanded mode capability of WTs without "grid-forming" conventional units, i.e question of frequency control and voltage specification (research required)
Frequency-controlled active power infeed, possible inclusion of other criteria such as
voltage dip, voltage increase, current and power flow (research required)
Reliable wind power prediction (investigation required)
It therefore currently appears more realistic in a first step for the wind farm to be equipped in
a way that supports grid formation and does not have black start capability. The wind farm
could start up with an externally-provided voltage, and deliver a certain amount of power to
an island system that has already been partially set up. This power must be reliably available
during network restoration, possibly for several hours, which is only possible by throttling to
a level that is reliably provided by the wind. The participation of the wind farm in network
restoration also requires a communication link to the grid control system. If the WTs have the
capability of controlling the grid frequency, they could also participate in the takeover of the
additional loads within the scope of their available wind power. The proposed method only
differs from the black start in that the frequency and the voltage are specified externally (island system/sub-grid) and the WTs/wind farm do not have to do this. However, other aspects
apply to the same extent as they do with the black start.89

89 The grid operator's obligation to operate this part of the grid "safely" also applies in the case of network restoration - section 11 para. 1 of the EnWG - the use of the relevant WT must therefore take place with the precondition that a supply with as few interruptions as possible is provided, which the system operator must
guarantee to the grid operator.
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Individual WTs / smaller wind farms that are connected to the medium voltage level are unaffected by the requirements, since they cannot be incorporated in the network restoration. On
the contrary, the uncontrolled return thereof to the grid must be prevented.
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16
16.1

Economic evaluation of the grid extension
Estimation of the cost of the integration solution that is required

The examinations of the required extension for transmitting wind energy from the North Sea
and the Baltic Sea, including north-west and east Germany to the load centres and to the
south, took place on a simplified model. The regional model and the PTDF procedure that
have been used are suitable for creating different solution concepts and evaluating them from
a system-related and economic point of view using different transmission technologies in the
grid or alternative storage technologies.
Without elaborate load flow calculations, the model makes it possible to depict the interaction
of the electricity market and the grid and calculate anticipated power distributions between
regions at hourly intervals.
Global statements and estimates can be made about transmission channels and the preferred
energy flow direction from the power distribution, and strategic concepts for the further development of the power grid in Germany can be derived and evaluated as a whole.
As well as just grid extension measures, the use of storage technologies in north-west and east
Germany for absorbing the wind energy and combinations thereof have been examined as solution variants. In cases where storage systems are used, the effects on the electricity trading
market and the extension requirement at the regional boundaries of the transmission grid were
analysed.
In order to cover the extension requirements, an increase in the transmission capability of existing lines was also modelled by using high-temperature cables or overhead line monitoring
in appropriate wind situations.
If new systems are required in the grid to create additional transmission capacity, different
technologies were examined. As well as the three-phase technology with overhead line and
with underground gas-insulated lines that is used today, cable solutions with VSC technology
and a hybrid solution were described, technically investigated and evaluated from an economic point of view.
In order to consolidate and implement the extension requirement that has been identified into
specific grid reinforcement and extension measures, dynamic studies and node-specific power
flow and short circuit examinations are subsequently essential in order to identify the exact
measures to be taken.
The economic evaluation takes place on the basis of annuity costs for the target year of 2020.
The operating and energy costs correspond to the costs that are incurred this year. Investments
are converted into annual capital costs based on interest rates and expected useful life. Taxation and regulatory aspects are not considered.
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The following are examined and differentiated in accordance with the variant and the technology options:
-

Investment costs of primary operating equipment and additional equipment (such
as reactive power compensation materials)

-

Operating cost of primary operating equipment and additional equipment

-

Energy loss cost of primary operating equipment and additional equipment

-

Cost of storage systems

The economic comparison of the variants and concepts took place on the basis of the annual
costs in the target year of 2020. The worked-out criteria for an overall evaluation of the
transmission technologies were taken as a basis.

16.2

Results of onshore and offshore grid extension

The integrated evaluation revealed that the best way to cover the extension requirement was
with newly installed 380 kV overhead line circuits with three-phase technology. The German
TSOs currently operate a 380 kV overhead line grid with a circuit length of about 20,000 km.
The German TSOs are also planning a circuit length extension of about 3,000 km by 2015,
which has already been assumed as implemented in the examinations.
The grid extension requirement volume for transmission corridors between 2015 and 2020
that has also been determined in this study consists of a circuit length of approx. 6,600 km
(corridor length of about 3,600 km). Together, this results in an increase of 47 % compared to
the current 380 kV circuit length. The investment costs for the grid extension from 2015 to
2020 are approx. 6 billion €, and the annual costs for the extension taking the operating and
loss costs into consideration are about 600 million €/year. This basic variant acts as a reference.
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Figure 16-1:

Anticipated development of the 380 kV circuit length for the onshore BAS variant
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The additional wind farms with a total capacity of 7,000 MW between 2015 and 2020 in the
North Sea and Baltic Sea region require a model-related grid extension volume with a total
system length of 1,550 km for the grid connection. The investment that will be required for
this is about 3.7 bill. €. The model-like annual costs for the offshore connections (including
operating and loss costs) are about 340 mill. €/annum.
The grid extension volume and the investments that are required must be taken into consideration to the same extent in each variant. However, these are not included in the following comparison.
The annual costs for the OLM variants are about 10 % more than those of the BAS variants
with an almost identical transmission task. The increase in transmission capability due to
OLM only reduces the total volume of the transmission routes that are needed slightly. Because of the use of additional transmission capability, there is a physical shift in the power
flow that requires an additional grid extension in other locations.
The use of high-temperature cables (TAL) reduces the additional grid extension requirement
in comparison to the basic variant by half, but three times as many circuits on existing corridors have to be converted. The grid losses also increase considerably because of the hightemperature cables.
The grid extension requirement volume between 2015 and 2020 lies at a corridor length of
about 1,700 km (circuit length of approx. 3,200 km). This means an increase of 15 % compared to the current 380 kV circuit length.
The volume of the existing grid that must be prepared for the use of high-temperature cables
between 2015 and 2020 is a circuit length of about 10,300 km. This corresponds to a corridor
length of about 5,700 km.
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The investment costs are about 13 billion €, and the annual costs for construction and conversion taking the operating and loss costs into consideration are about 1.3 billion €/annum without offshore connection. The annual costs if high-temperature cables are used are twice as
high as those for the basic variant.
During the cost evaluation it was revealed that preference should be given to furtehr expanding the power grid rather than building storage technology in order to integrate wind energy.
Although the storage technology is installed for the purpose of relieving the grid, its use in the
study is based purely on market perspectives, i.e. the grid capacity that becomes free is used
by the market. The transport task of the grid (and therefore the extension requirement) therefore remains about the same for all variants, and is hardly influenced by the use of storage
systems.
The use of storage systems therefore does not relieve the grid, but leads to an appropriate increase in the volume on the electricity trading market.
The annual costs consist of the grid costs for the basic variant, the OLM variant and the hightemperature cable variant and the respective storage costs.
With 50 % storage, the annual costs for the extension grid and the storage system can increase
twofold in comparison to the basic variant, and even four times as much with 100 % storage.
In the hybrid variant, power was transmitted directly from north to south underground via a
single 800 km long cable corridor from Schleswig-Holstein (region D21) to southern BadenWürttemberg (region D42) in order to relieve the existing three-phase grid. The corridor was
selected such that the technically possible transmission capability of 4,400 MW is used for
approx. 5,800 hrs. per annum (66 %).
However, during the evaluation it emerged that that the installation of extensive new threephase overhead lines cannot be dispensed with if all of the defined transmission tasks are to
be fulfilled.
The extension volume of the corridor is a corridor length of about 800 km (circuit length of
3,200 km). The grid extension requirement volume in the three-phase grid is still a corridor
length of about 3,100 km (circuit length of approx. 5,200 km) in spite of this.
The investment costs are about 10 billion €, and the annual costs for the extension taking the
operating and loss costs into consideration are about 1 billion €/annum.
The annual costs for the online extension grid for the hybrid solution are almost 60 % higher
than for the basic variant.
In the GIL variant the extension requirement of the basic variant is not assumed to be in the
form of 380 kV overhead line circuits, but all in the form of underground gas-insulated lines
(GIL). The technology is already being used over shirt distances.
The grid extension requirement volume between 2015 and 2020 is a corridor length of about
3,400 km, which is slightly less than the basic variant, but the circuit length of 7,800 km is
significantly greater than the basic variant.
The investment costs are about 55 billion €, and the annual costs for the extension as GIL taking the operating and loss costs into consideration are about 4.5 billion €/annum.
The annual costs for the onshore extension grid are therefore about eight times greater than
they are for the basic variant.
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A possible alternative to the economical basic variant, which covers the extension requirements in new 380 kV overhead line circuits using three-phase technology or the GIL variant,
which covers the three-phase system extension in the form of underground gas-insulated lines,
are the two VSC1/2 technology variants as an extension, which describe an independent superimposed direct voltage grid using underground cable technology.
Since this is also new ground from a design point of view, the main focus was on feasibility
during the assessment of such an extra high voltage direct current transmission grid (HVDC).
In these variants the connections of the offshore wind farms in the North Sea and the Baltic
Sea could be made directly to the meshed direct current grid. This would introduce an additional system level in Germany.
According to the manufacturers, the technologies basically already exist for these variants.
The extension corridor length of 4,000 km (11,400 km circuit length) is divided up into
3,400 km (9,850 km circuit length) onshore and 600 km (1,550 km circuit length) for connecting the offshore wind farms.
Depending on the concept, the investment costs are between 20 and 25 billion €, and the annual costs for the extension taking the operating and loss costs into consideration are about 2
billion €/annum. The annual costs for these direct current technology variants are just more
than double those of the basic variant, including the OWF connections.
The components of the annuity costs for the grid extension that is required to integrate renewable energy sources are shown in broken-down form for the nine main variants in Figure 16-2.
In all variants, the costs for connecting the offshore wind parks are identical at approx. 340
mill. €/a.
The highest annuities occur for the TAL variants because of the conversion of the existing
grid in 2015.
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Figure 16-2:

Annuities in year 2020 for the additional grid extension
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The slightly reduced annual cost for the extension grid in the OLM variants compared to the
BAS variants is more than compensated for by the cost of upgrading the existing grid and the
cost of the higher grid losses. This does not rule out the fact that the use of OLM in individual
cases for dealing with a moderate additional transmission requirement for wind energy can be
cheaper than a line extension.
The annuities of the TAL variants show that the wide-area use of high-temperature cables is
questionable for financial reasons. The loss costs are more than twice those of the BAS variants because twice as much energy is lost. Approximately 1 TWh/a less lost energy is needed
in the extremely reduced extension grid, whereas the requirement in the existing grid increases by approx. 3 TWh/a. In order to cover the difference of 2 TWh/a, wind power plants
with a capacity of approx. 1,000 MW would have to be installed onshore. The conversion of
existing lines to high-temperature cables will either result in high material costs for cables
with low heat expansion or high upgrade costs for overhead line masts with regard to increasing the height and adapting to new standards. The dismantling of existing assets must also be
taken into consideration.
The study examines combinations of overhead line extensions and modifications to the existing grid with OLM and TAL and the use of storage systems for relieving the grid. Combinations of AC and DC grids and the connection of offshore and onshore grids are also described
in the sensitivity examinations. Because the wide-area use of OLM or TAL is shown not to
lead to the desired economic result, it is expected that the large-scale combination of these
two options would not lead to more favourable results than the basic variant. This does not
rule out the fact that the targeted use of these technologies in individual cases, as has already
been implemented in the TenneT grid, can make a contribution to covering the additional
transmission requirement due to the use of wind energy.
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In part III of the study, different options for increasing the flexibility in the electricity system
will be examined in order to support the network integration of the fluctuating power generated by wind and other renewable energy sources in an optimum way. Special attention will
be paid to comparing the costs and benefits of energy storage and grid extension options.
A brief characterisation of the institutional framework will first be provided in Section 18: the
requirements for providing primary, secondary and minute-based reserve power. The future
balancing power requirement will be estimated.
In order to find as cost-effective a solution as possible for integrating the renewable energy
sources, a three-stage procedure has been selected. In the first stage, selected options for increasing flexibility in the electricity system will be examined in detail in four main sections.
The future provision of balancing power and the effect of an improved wind power
feed-in forecast quality (Section 19).
The extension of demand-side flexibility by means of load management
(Section 20),
The provision of balancing power from renewable energy sources (Section 21) and
The use of established and new storage technologies (Section 22).
In a second stage, the influence of these flexibility options will be quantitatively analysed,
taking the effects on the conventional generation system until 2020 into consideration with
the aid of a linear optimization model (Section 23). In the third stage, specific locations of
storage for the network integration of offshore wind energy will then be examined and the
costs compared with those of possible grid expansion (Section 23.9).
All calculations were based on the existing political framework conditions and the existing
electricity market design. These include:
Full integration of the renewable energy sources,
Stock market price-driven use of conventional power plants and storage (approximate,
without taking grid congestion within Germany into consideration in the model),
Optimum market-driven electricity exchange with foreign countries within the scope
of existing transmission capacities.
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The options that were examined for increasing flexibility in the electricity system can influence the system via two institutional methods. On the one hand, capacity can be offered on
the spot market. The second method is via the markets for primary, secondary and minutebased reserve power. The requirements for participation in the balancing markets, the grid and
system regulations for German transmission system operators, are formulated in the Transmission Code 2007.90
The generation systems must undergo pre-qualification.91 The main requirements concern the
size of the balancing power bands that must be made available as a minimum and the technical and temporal availability of the systems. Other prerequisites apply to organisational matters involving measurement and information technology.
The balancing power market is divided up into the primary, secondary and minute-based reserve markets. These differ with regard to the market design. The tendering period on the
primary and secondary markets is currently one month in both cases. Daily auctions take
place on the minute-based reserve market. Payment is also regulated in different ways.
Whereas only a demand rate for reserving the power is paid on the primary reserve market,
providers on the secondary and minute-based reserve markets receive an additional price per
kilowatt if their offer is called.

18.1

Requirements for providing primary balancing power

It basically applies that each generation unit with nominal power of 100 MW must have
primary balancing capability in order to obtain authorisation to connect to the grid. 92 Pooling
is permitted for providing primary balancing power. However, a band of at least +/- 2 % of
the nominal power per system must be made available, at least +/- 2 MW.93 The minimum offer size is +/- 5MW. Balancing power that is offered must be able to be activated within 30
seconds in the event of a frequency deviation and then be usable for at least 15 minutes. The
temporal availability of the balancing power that is offered is 100%, i.e. the power must be
available over the entire offered time period.

18.2

Requirements for providing secondary balancing power

When secondary balancing power is put to tender, 10 MW chunks can be offered as the
minimum batch size in the auction.94 The capacity that is offered in the pool must be 95%
available over the entire time slice that is offered. The call-up signal also comes automatically
from the connection TSO. The system must be fully activated five minutes after the signal has
90 The specifications in Section 22 of the EnWG and Sections 6 et seqq of the StromNZV and the associated
definitions of the BNetzA must also be taken into consideration.
91 TransmissionCode 2007 Appendix D 1- 3; Section 6 para. 5 of the StromNZV.
92 The TSO is entitled to release individual generating units from this obligation (Transmission Code 2007).
93 Notwithstanding this, see number 6 of BK6-06-065.
94 Specified as minimum batch size by BNetzA (BK6-06-066).
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been received. Individual systems can be combined to form a pool in order to provide the
minimum batch size of 10 MW for offers on the secondary balancing power market. This is
the normal case nowadays.

18.3

Requirements for providing minute-based reserve power

The minute-based reserve power that is offered must be fully available within 15 minutes of
being called up by the TSO. It should also be fully reversible within 15 minutes. The German
Federal Network Agency has set the minimum offer size to 15 MW. 95 Call-up takes place in
steps of 1 MW per offer. The power must be available for possible call-up for 100% of the total offer period.96
Systems can be pooled in order to provide the minute-based reserve power. A pool can consist
of units in different locations within the contractual zone, whereby the individual systems are
subjected to pre-qualification. It must be possible for the TSO to call off the offered reserve
power in just one go, i.e. the monitoring and control of the individual pool members must be
assured accordingly.

95 Num. 7. BK6-06-012.
96 Advance notification must be given of power availability restrictions, e.g. from pumped storage power plants
or loads that can be shut off.
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Aims:
Load forecast errors and wind forecast errors may lead to surpluses or shortfalls in the generation balance. The aim of this initial focus analysis is to quantify the effects of improved forecast quality on balancing power provision.
Method:
After describing the methodical aspects of load forecast errors, wind forecast errors and
power plant outage probabilities, this section will show how the provision of incremental and
decremental balancing power can be determined. In order to determine how the demand for
balancing power will develop for the year 2020, both the expansion of wind energy and
changes in generation system will be taken into account. The power provision calculated is
then incorporated into the modelling of the entire electricity market in Section 23.
As the point in time at which an electricity product is actually delivered draws closer, the
more illiquid the markets trading the electricity become. Transmission system operators compensate for extremely brief fluctuations in the electricity system on the balancing power markets involving primary, secondary and minute-based reserve capacity. The demand for products mainly depends on the load forecast error, wind forecast error and power plant outages.
Since wind energy infeed is volatile and cannot be forecast with precision, additional flexibility for short-term compensation will be required in the years leading up to 2020. The developments in forecast errors, load, future power plant outages and, in particular, wind forecast
errors will be investigated in order to quantify the additional demand.

19.1

Determining load forecast error and load fluctuation

The smallest deviation from the forecast balance on the electricity market is known as ”random noise”. This denotes the deviation of the per-minute load from the per-quarter-hour mean
value. From a sample data record containing 20,159 values measured from 14/1/2008 at 00:00
to 27/1/2008 at 23:59, transmission system operators calculated a normally distributed fluctuation. Fluctuation takes place around the mean value of 0 MW and demonstrates a standard
deviation of 334.97 MW (0.41% of the annual peak load).
The "load forecast error" denotes the deviation of the per-quarter-hour mean value from the
forecast load value. To determine the load forecast error, deviations from the expected balance between infeed and demand were investigated for each quarter-hour in a year97 in each
contractual zone. Transmission system operators determined the contractual zone deviation on
the basis of approximately 35,040 values. To isolate the load forecast error, the fluctuations
caused by renewable energies were excluded from the calculation.
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To determine the load forecast error for the whole of Germany, the load forecast errors for all
contractual zones were also added by means of stochastic convolution. The result of the sample showed that the load forecast error in Germany demonstrated a virtually normal distribution around the mean value of 53.56 MW. The standard deviation calculated was 644.67 MW
(0.8% of the annual peak load).

19.2

Determining power plant outages

Power plant outages represent a major source of uncertainty in the electricity market. The
possibility of sudden outages was calculated using stochastic convolution:
Figure 19-1: Example: Probability of outages in the generation system
Probability

Offline Plant
Capacity
0

p1*p2*p3

Power Plant 3
Power Plant 2

K3

p1*p2*(1-p3)

K2

p1*(1-p2)*p3

K2+K3

p1*(1-p2)*(1-p3)

K1

(1-p1)*p2*p3

K1 + K3

(1-p1)*p2*(1-p3)

K1 + K2

(1-p1)*(1-p2)*p3)

Power Plant 3
Power Plant 1
Power Plant 3
Power Plant 2

Power Plant 3
K1 + K2 + K3

(1-p1)*(1-p2)*
(1-p3)

Source: EWI

Power plants can be run fault-free with probability p and may experience outages with inverse
probability (1-p). A specific outage probability is assigned to each type of power plant. There
is also a distinction between whether a fault leads to an immediate shutdown and whether
there is a possibility that non-availability may occur at a later point (Table 19-1).

97 The investigation was carried out over one year from October 2006 to September 2007
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Table 19-1:

Reliability values for power plants in Germany
Probability of a

12-hour time shift in the fault

Probability of an

immediate shutdown in the

event of a fault

Probability of unplanned non-

availability for which no rele-

vant arrangements can be

made

Average uninterrupted

operating duration [h]

Nuclear energy

1845

4.5%

23%

55%

Lignite

664

4.7%

46%

72%

Hard coal

541

8.8%

48%

74%

turbines

244

8.6%

36%

51%

Gas turbines

101

43.9%

45%

60%

Steam turbines

839

12.7%

43%

67%

Oil

839

12.7%

43%

67%

Gas and steam

Source: Lienert (2008)

Due to the various ways in which power plants are run, periods of high load have a different
failure function to periods of low load. The BALANCE-WT program calculates the failure
probability distribution for the entire German network of power plants on the basis of empirical data. It determines the capacities to be provided per hour on the reserve markets.

19.3

Determining wind power forecast error

Wind powerforecasts have become extremely significant, as they have a key role in determining requirements in terms of how much balancing and reserve power has to be provided. Improving these forecasts allows this role to be reflected not only in grid stability but also in cost
savings. Besides power plant outages and stochastic load fluctuations, the most common reason for using balancing power and compensating power through system management is unforeseeable fluctuations in wind energy infeed. The importance of this trend is reflected not
only in the growing number of forecast models available for integrating wind power capacity
into the grid, but also in the multitude of scientific publications on the subject. A key outcome
of this is that wind powerforecast generation has become an area of research that is of topical
interest. In the near future, the development of several offshore wind farms will lead to a
sharp increase in wind power feed-in and thus create additional challenges for integrating this
powerinto the grid. Within this context, wind power forecasts will take on an even more significant role.
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The following sections outline potential areas for improvement in current wind power forecasting, and present a methodology that enables an estimation of the expected forecast quality
and error distribution in the German interconnected system for 2020. As part of the process of
estimating forecast errors for the German interconnected system in 2020, the onshore and offshore components areviewed separately and the resulting time series are added together in order to obtain the overall error distribution.
With respect to the onshore component, the forecast error estimate is, in principle, based on
class-specific or situation-dependent improvement in representative 1 h and 2 h wind power
forecasts for 2007. Determining the offshore component involves using weather model data in
conjunction with FINO 1 wind measurements and weather forecasts in order to simulate and
predict wind power time series (see Section 6). The next two sections contain a detailed description of both methodologies.
Figure 19-2:

Methodology for calculating an improved wind power forecast for
the German onshore interconnected system in 2020.

Source: IWES

19.3.1

Estimating onshore wind power forecast error

This section will evaluate potential opportunities for optimising the current quality of onshore
wind power forecasts, with the aim of making it possible to estimate the future forecast quality for the German onshore interconnected system in the 2020 scenario. Based on the improvements which can be expected, wind power forecast time series with a forecast horizon of
one and two hours are generated and evaluated for the 2020 scenario.
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Recent research established the various areas of potential optimisation and evaluated them
specifically for the year 2020. This has resulted in estimates of minimum and maximum improvements to be expected for an individual wind farm forecast, as a percentage of the average absolute error. The overall improvement resulting from the individual areas of potential
optimisation is incorporated into the existing wind power forecast time series, with the individual forecast for a given point in time experiencing an improvement dependent upon the
particular situation concerned. Current literature simply assumes a constant level of improvement in forecast error, meaning that each weather situation and/or each section of the power
curve experiences the same improvement. In order to consider how forecast error depends on
individual weather situations, however, this section also classifies levels of forecast quality on
the basis of wind powermeasurements.
Before class-specific improvement is addressed, an initial optimisation step evaluates potential sources of error that result in systematic errors affecting a wind power forecast, and specifies methods which can be used to rectify these. Finally, a proven method is used to calculate
the wind power forecast plus associated powermeasurement for the entire German onshore interconnected system in 2020, on the basis of wind power forecasts and measurements for specific wind farms. An overview of this methodology is shown in Figure 19-2.
19.3.1.1 Base data
The base data is made up of the wind power time series (P m,ref and Pp,ref) that were measured
and forecasted in 2007 for 62 reference wind farms, with hourly resolution (see Section
6.1.3). Both the forecast model used and the model for extrapolation to the entire German interconnected system are benchmark models based on statistical and artificial intelligence
methods. The input variables used in these for wind power forecasts with a forecast time
frame of one and two hours are based on wind power measurements for the previous hours
and on numerical weather forecasts from the Deutscher Wetterdienst (German National Meteorological Service), with a spatial resolution of 0.0625° by 0.0625° ("local model for Europe";
see Section 6.1.1). Models of this kind are currently used by some transmission system operators and state-of-the-art .
19.3.1.2 Areas of potential improvement in current wind power forecasts
Recent years have seen an intensive search for ways of optimising current wind power forecasts, with the latest benchmark studies evaluating several state-of-the-art forecast methods,
numerical weather models as well as mesoscale and CFD (computational fluid dynamics)
models for wind power forecasting. These investigations into how forecasting could be improved follow two main paths: one focusing on improving forecasting by using higherresolution weather models in the vicinity of wind farms98,99, and the other dealing with individual model improvement. The latter involves not only seeking out new models that have not

98 Kariniotakis et al. (2004)
99 Marti et al. (2006)
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yet been used for wind power forecasting100 , but also optimising existing models by, for example, using optimisation algorithms to improve model input data selection101.
As part of the European project ANEMOS102 , a comparison was made between various forecast models used by European research and development facilities for forecasting wind power
at selected wind farms in Europe. The majority of these systems are used by transmission system operators in Spain, Germany, Denmark, Ireland and Greece and are therefore representative of the current situation. All forecast models received data from the same numerical
weather model as input data, so that it was possible to make a comparison only on the basis of
the performance of the various wind powerforecast models. The wind farms selected for the
comparison study possessed different characteristics: three were located on land, two near the
coast and one offshore. The forecast errors for the individual models vary widely for some
wind farms, whilst for others the discrepancies between the models are less significant. For
example, an average absolute error of 20% to 35% is obtained for a wind farm in Spain,
whilst the average absolute error for an Irish wind farm fluctuates between 10% and 16% (errors are specified as a percentage of the installed capacity of the wind farm). The comparison
study also shows that the forecast error increases significantly the more complex the wind
farm environment is. The error for wind farms on flat terrain is at the average for all the forecast models (approx. 10%), whilst it is 12 to 14% for complex terrain and 21% for highly
complex terrain. At just under 12%, the error for the offshore wind farm is only slightly above
that of the wind farms on flat terrain. Furthermore, the comparison study shows that the performance of the forecast for a wind farm also depends on the forecast model used. Therefore,
from the results it is possible to conclude that selecting a forecast model which is specifically
suited to the characteristics of the wind farm in question reduces the forecast error. Based on
the tests represented here, the individual models demonstrate differences in forecast error of
approx. 20% to 40%. Taking the lower value as a basis, the forecast error produced if a random model is selected is around 8 - 10% higher than the error for the best model. This means
we can make a conservative estimate of 8 - 10% for the potential improvement in the forecast
error if a wind farm-specific model is selected.
With regard to forecasting the power output of wind farms using numerical weather prediction
(NWP), uncertainty in weather forecasting has a significant role to play in forecast error.
However, a recent study showed that uncertainty in wind speed forecasts when generating
forecast models could be compensated using statistical methods such as neural networks, as it
was found that there were barely any differences in the power curve based on measured data
and the power curve based on forecast data when modelling wind farm power curves103. Despite this, current research has also shown that a marked improvement in forecasting can be
achieved by combining different weather models104,105,106 or using ensemble models107, 108 :

100 Schlögl et al. (2006)
101 Jursa et al. (2006)
102 Kariniotakis et al. (2006)
103 von Bremen et al. I (2006)
104 B. Lange. et al. (2006)
105 von Bremen (2006)
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in these cases, improvements are made not only by simply generating an average value from
the forecast models, but also by calculating weighted sums of the input data from different
models.
The majority of the forecast models that are currently used for wind power forecasting follow
global approaches; in other words, the models are designed to produce forecasts for any
weather situation which may occur. Approaches that extend beyond this investigate classification methods for determining weather situations. For the situations that are classified, the
forecasts of the various weather models are then weighted differently according to their forecast performance in the situation concerned; this performance is quantified on the basis of statistical analyses. In a study concerning an individual Danish offshore wind farm (Middelgrunden), this method was used with four weather models to achieve improvements in the
mean forecast error of around 20% compared with the forecast errors associated with just one
NWP109. In another study, relating to forecasting for the German interconnected system, a
16% improvement was achieved by using the best NWP model for the weather situation in
question, and a 22% improvement by means of optimum combining or weighting of the NWP
models110.
In Jursa et al. (2006), forecast error improvements of around 10% were achieved for individual wind farms by means of an optimisation process in which selected NWP data for multiple
sites was used to create forecasts for one wind farm site on a situation-specific basis. As other
research111, 112 has shown, processes for individual selection or optimisation of input data are
a fundamental part of current forecasting methods. In the future, we can expect an improvement in wind powerforecasts of around 15 - 20% thanks to the use of correlation analyses and
information theory approaches to increasingly larger sets of data relating to spatially and temporally distributed weather forecasts and measurements as well as higher-resolution and more
up-to-date weather forecasts and measurements.
Approaches to short-term forecasting (with forecast horizon of a few hours in advance) that
have been used up to now have involved creating local forecast models for certain wind or
weather situations. These have demonstrated considerable improvements when wind speed
measurements from sites further afield have also been used as input data113,114. Alexiadis et
al. (1999) investigated the use of wind speed measurements from two sites 10 km and 40 km
away from the wind farm for forecasting purposes. This achieved a forecast error reduction of
10 to 15% for short-term forecasts, as compared with the forecast error achieved when only
using measured data from the wind farm itself.

106 Cali et al. (2006)
107 Lang et al. (2006)
108 Cali et al. (2008)
109 von Bremen et al. II (2006)
110 M. Lange. et al. (2006)
111 Pinson (2006)
112 Juban et al. (2007)
113 Alexiadis et al. (1999)
114 Larson & Gneiting (2004)
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Since the individual optimisation methods are independent from one another, it is assumed
that the improvements in forecast error described can be superpositioned. It is also assumed
that, on average, the optimisation potential referred to here applies to both short-term forecasts and forecasts for the following day. Working on these assumptions , an improvement in
forecast error of approximately 35 - 45% would be achieved by means of the following methods: selecting a wind farm-specific forecast model (approx. 8 - 10% improvement); using
multiple weather models with weather situation classification (approx. 15 - 20% improvement); selecting input data with optimum spatial and temporal distribution (approx. 15 - 20%
improvement); and using wind speed measurements that are in real time and regionally distributed (see Table 19-2). Thus, a wind farm with a mean absolute forecast error of 15%, and
for which forecasts are created using a particular forecasting process without the improvements referred to above, could potentially achieve a 9% to 9.75% forecasting error if all the
improvements are implemented. Since it is in no way possible to assume that the individual
potential opportunities for optimisation will achieve a constant level of improvement for all
weather situations, the next section will evaluate forecast error and classify weather situations,
and estimate class-specific improvement on this basis.
Table 19-2:

Potential improvement based on research. Improvements in relation to the mean absolute error of current forecasting processes.

Source: IWES

383

Changing the forecast quality of wind energy infeed and the effect on balancing power provision

19.3.1.3 Evaluating forecast error and classification on the basis of wind power
measurements
In order to estimate forecast improvement, the individual forecastability and, therefore, the
quality of the wind power forecast are viewed separately for different weather situations and
weighted differently in the improvement. Since meteorological measurements are not available for the wind farm sites concerned, wind power measurements are used for classification
purposes instead. The individual behaviour and forecastability of different wind farms must
be considered in the process of classification, which means that classification is also based on
a forecast error evaluation for each wind farm being investigated. This section is intended to
provide a brief insight into the main sources of error in wind power forecasting and describe
the methodology behind classification in greater detail.
Forecast errors P affecting wind power forecasts are mainly a result of errors in the wind
speed forecast w of the numerical weather model, which are aggravated or mitigated depending on the gradients of the power curve 115:
(19.1)
From equation 19.1, it is already clear that forecast errors are, on the one hand, less significant
on average during the start-up and weak wind phases as well as during the strong wind phase,
as the gradient in the dP/dw power curve is minimal in these areas; whilst normal wind
phases, on the other hand, are subject to more significant errors due to a steeper gradient (see
Figure 19-3). Another point to note is that the limitation on the wind power forecast in the
area between zero and the nominal power leads to an additional reduction in the forecast error
during the start-up, weak wind and strong wind phases; however, storm-related shutdowns
must be viewed as another extreme factor in wind power forecasting. The plot on the righthand side in Figure 19-3 provides a very good example of the forecast errors resulting from
storm-related shutdowns. However, it should be noted that this case concerns predicted wind
speeds.

115 M. Lange (2003)
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Figure 19-3:

Left: Measured (black) and predicted (red) wind power (normalised to nominal power) in relation to predicted wind speed. Right:
Observed forecast errors and their mean values in relation to predicted wind speed.

Source: IWES

The methodology described below will now be used to carry out appropriate wind farmspecific classification on the basis of wind power measurements. Since the gradient of the
power curves varies approximately in proportion to the cube of the wind speed, in a first approximation we can assume that there is a linear relationship between the wind speed and
power output in the capacity range PW/nominal power ~ 0.3 to 0.8, which results in a normal
distribution of the forecast errors in this area (where the average value is zero). This "normal
wind range" differs significantly from the observed error distributions in relation to the startup and nominal power ranges of the curve. In addition to the normal wind range, it is possible
to distinguish three further areas/classes. These include the idle and start-up phases of windturbines, representing two specific situations. Power is drawn from the grid in the first of
these and is therefore observed as negative measured power. There are then also strong wind
phases in the nominal power range as well as storm-related shutdowns, which represent situations that are highly susceptible to considerable errors in wind power forecasting. Older wind
turbines shut down from approx. 20 m/s, for example, something which many forecast models
are unable to incorporate due to the infrequent nature of such events. What is more, the technical implementation of storm-related shutdowns varies in turbines of different types and
there is often no information at all relating to the individual method of operation in each case.
Since there is no measured meteorological data for the wind farms in use, classification according to the four different wind phases is based on division into capacity intervals. This
means that it is not possible to classify storm-related shutdowns in the case of extreme wind
speeds, something which may be viewed as a disadvantage. The resulting class division is as
follows:
1. Idle and zero wind phase:
PW <= 0
2. Start-up and weak wind phase:
0 < PW < X1
3. Normal wind phase:
X1 <= PW <= X2
4. Strong wind phase:
X2 < PW < nominal power
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To determine the capacity interval in the normal wind phase [X1, X2] with optimum accuracy,
in this case it is assumed that the forecast errors in this interval demonstrate virtually normal
distribution. The optimisation process is based on investigating normal quantile plots. In plots
of this type, the theoretical quantiles of the standard normal distribution (relating to the mean
value and standard deviation of the observed values) are plotted against the quantiles of the
measured standardised distribution (see Figure 19-4). If the resulting values fall along a
straight line, the observations represent a normal distribution. The optimisation process is
based on minimising the extent to which the empirical error distribution of all values in the interval [X1, X2] deviates from the theoretical standard normal distribution, with specific auxiliary conditions preventing the resulting interval from becoming too small.
Figure 19-4:

N-Q plot of measured wind power. Right: Interval PW/nom. power
= 0 – 1 (no normal distribution); left: PW/nom. power ~ 0.25 – 0.75
(virtually normal distribution)

Source: IWES
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Once the interval [X1, X2] has been calculated, it is possible to classify four weather classes
based on the wind power measurements. The distribution of the class values as well as the
mean absolute error and the BIAS are listed in Figure 19-5 as an example for one wind farm.
We can see that the BIAS and the mean absolute error of the individual capacity classes are
based on the structure of the power curve; in other words, the error in the first classes is positive on average and becomes negative towards the larger capacity ratings, as the capacity is
subject to an upper limit by the nominal power. The aim of the next sections will now be to
bring about a wind farm-specific and class-specific improvement in the forecast error.
19.3.1.4 Estimating improvement by correcting systematic errors
To begin with, it is assumed that systematic forecast errors resulting in a BIAS that is different from zero will be resolved in future forecasts. Systematic errors of this kind can often be
explained by the fact that no information is available concerning the precise nominal power at
the time of forecasting. Therefore, this involves a general error source that has a role to play
in all forecast models (whether statistical or physical). In future scenarios, we can assume that
appropriate sensor technology will be able to guarantee transmission of the nominal power.
To estimate the improvement which it will be possible to achieve as a result of this, forecasts
were firstly carried out for the 62 reference wind farms using the nominal power information
that was available at the time of forecasting. Following this, any nominal power errors for the
time series in hand were corrected with the aid of current information. A second step involved
implementing model output statistics for each forecast in the form of a linear correction procedure116. Applying both correction methods achieves, on average (for forecast horizonsof 1
h and 2 h), an improvement in the mean absolute error of around 4%. It should be noted here
that classes I and IV experience an improvement of around 35% and 12% respectively, although this does not have a significant effect due to the low incidence of these classes (see
Figure 19-5). Based on this correction process - which only results in a small overall improvement - further calculations are now carried out.
19.3.1.5 Estimating a class-specific improvement in forecasting
Once the systematic errors in wind power forecasts have been corrected individually for each
of the 62 reference wind farms, the areas of potential optimisation listed in Table 19-2 are
evaluated in relation to the four classes (zero wind phase, weak wind phase, normal wind
phase and strong wind phase). This involves establishing which of the improvements listed
are relevant to which of the classes and to what extent.
There is no doubt that wind farm-specific forecast model selection is significant for all the
classes. Since the behaviour of different wind farms varies widely during similar weather
situations (particularly as regards the idle, start-up and nominal power phases as well as
storm-related shutdowns), the improvement achieved by implementing wind farm-specific
model adaptation for all classes must be set to the maximum value.

116 M.Lange (2003)
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maximum improvement for all classes
The application of multiple weather models with weather situation classification certainly has
a role to play in all four classes, although it can be assumed that this approach brings about
the biggest improvements in normal wind situations. The reason for this is that using multiple
weather models leads to more accurate information about the imminent weather situation
(particularly as regards speed), which in turn creates the most significant improvement due to
the linear relationship in this area. Forecasting in other classes is also improved by using a
more accurate prediction of the weather situation, albeit to a relatively low extent.
minimum improvement for classes I, II and IV
maximum improvement for class III
Selecting optimum input parameters increases forecast quality in all classes. However, when
selections are made from high-resolution as well as spatially and temporally distributed
weather forecast data, it is primarily wind powerforecasts in the normal wind range that experience considerable improvement. Additionally, selecting data in this way enables storm
fronts to be detected, which results in a general improvement in forecast quality in the nominal power range, specifically where storm-related shutdowns are concerned.
maximum improvement for classes III and IV
minimum improvement for classes I and II
The use of actual measured weather data for short-term forecasting is particularly significant
in forecasting storm-related shutdowns and, therefore, during strong wind phases117. Realtime capturing of wind speed data makes it possible to forecast extreme events of this type
successfully. Furthermore, real-time knowledge of wind speed data can be used to correct
"older" wind forecasts, which in turn results in an improvement during normal wind phases.
However, carrying out optimisation by using multiple NWPs and selecting optimum input parameters only results in a negligible improvement in zero and weak wind phases.
maximum improvement for class IV
minimum improvement for class III
no improvement for classes I and II
Applying potential improvements to each of the classes in the 62 wind farm forecasts produces the results shown in Table 19-3, in the form of the average improvement to the mean
absolute error. The class-specific improvements are virtually identical for both forecast horizons. Taking the frequency with which the individual weather situations occur into account,
the estimated average overall improvement is around 45% per wind farm forecast.
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Table 19-3:

Average improvement to the mean absolute error of the classspecific wind power forecast for 62 reference wind farms in the
German interconnected system

Source: IWES

19.3.1.6 Forecast quality of the entire German onshore interconnected system for
the 2020 scenario
The measured and forecasted wind power for the reference wind farms (Section 6.1.3) are extrapolated to the entire wind power feed-in of the German onshore interconnected system by
means of a parameterised transformation algorithm118. This algorithm is chiefly based on the
measurements and forecasts of the distributed reference wind farms as well as the division of
Germany into 891 grid squares, each of whose nominal power is known. The nominal power
of the individual grid squares is adapted to the nominal power specified by the 2020 scenario.
The measured and forecasted total wind power feed-in of a grid square is calculated on the
basis of the capacities of the 62 reference wind farms, which are weighted in relation to their
distance to the grid square (see Figure 19-6). The sum of all the grid squares equals the overall wind power feed-inof the German interconnected power system. The graphs in Figure 19-7
plot the error distributions of the improved forecast for the 2020 onshore scenario and of the
current (2007) forecasts, in relation to forecast horizonsof one and two hours. The associated
levels of quality are specified in Table 19-4.
Figure 19-6:

Schematic representation of calculating grid square wind power
feed-in by means of distance-related weighting of reference measurements

Source: IWES

117 Wessel et al. (2008)
118 Rohrig (2003)

389

Changing the forecast quality of wind energy infeed and the effect on balancing power provision

Figure 19-7

Error distributions of current (2007) and optimised (for 2020) onshore wind power forecasts, in relation to forecast horizons of one
(left) and two (right) hours for the whole of Germany

Source: IWES

The specified levels of quality are calculated as follows:
Mean error normalised to nominal power (rBIAS)

(19.2)
Mean absolute error normalised to nominal power (rMAE)

(19.3)
Root mean square error normalised to nominal power (rRMSE)

(19.4)
Root mean square error normalised to mean measured wind power (mRMSE)
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(19.5)
Correlation coefficient

(19.6)
Table 19-4:

Levels of wind power forecast quality (normalised to the respective
nominal power) for the current (2007) and improved (for 2020) onshore wind power forecasts, in relation to forecast horizons of one
and two hours, for the whole of Germany

Source: IWES

19.3.2

Estimating offshore wind forecast error

This section shall describe the methodology used for generating offshore time series for wind
power forecasts as well as offshore time series for wind power forecast errors. This methodology is shown in Figure 19-8 and is based on:
-

The methodology for generating offshore time series for wind power feed-infrom Section 0, based on weather model data with one-hour resolution and FINO 1 wind measurements with quarter-hour resolution

-

Weather forecasts from the provider WEPROG

-

Artificial intelligence techniques, which reflect the relationship between wind forecasts and simulated wind power feed-in
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Figure 19-8:

Methodology for generating offshore wind power forecasts and
forecast errors, with smoothing effect taken into account

Source: IWES

19.3.2.1 Creating offshore time series for wind power forecasts
As there have not been any German offshore wind farms (OWF) in operation before now and,
therefore, no evaluation between measured data and forecast data has been carried out, this
section presents a method that can be used to generate time series for wind power forecasts at
the various offshore locations (see Figure 19-8).
Using the methodology presented in Section 0, simulated wind power capacity time series for
the year 2020 were generated at all 46 OWF locations for the wind years 2004 to 2007 on the
basis of DWD analysis data and FINO 1 measured wind data. Based on the simulated wind
power time series and the WEPROG weather forecasts for these locations, two artificial neural networks (ANNs) were trained for each of the 46 OWFs. In terms of use, these networks
were adapted for very short-term forecasting involving horizonsof one and two hours. Both
the weather forecasts and the simulated wind power values for the recent past (relating to the
weather forecasts) therefore serve as input variables in the model. Here it should be noted that
the simulated wind power time series with quarter-hour resolution were averaged every hour,
as the weather forecasts are only available with hourly resolution. The WEPROG forecasts
used involve a sequence of forecasts for different models, which are generated every six
hours. This means that the weather forecast used only contains forecasts with horizonsof 1 to
6 hours. Due to the calculation time required for the weather model, however, the forecasts
are only available from around the third hour onwards. It is assumed that such delays will be
kept to a minimum in 2020. Since the various models are produced in sequence, the weather
forecast time series used demonstrates implausibly high fluctuations between each 6th and 7th
value. However, as the wind power data for the recent past contains the most information
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about a wind power forecast with a horizonof one and two hours (see also the concept of persistence), these weather forecast conflicts may be seen as negligible. Data from wind years
2005 to 2006 was used for training the ANNs. Additionally, a correlation analysis between
the simulated wind power for 2020 and the wind speed forecasts showed that the resulting
correlation coefficient (84 to 88%) was reflective of the real-life situation. The data for wind
year 2007 was then used for creating the wind power forecast to be generated. The quality of
the individual wind powerforecasts (compared to the simulation), represented in the form of
the quality levels specified in Section 21.3.1.6 with equations 19.2 to 19.6, is equivalent to
that of today's very short-term forecasting systems for onshore wind farms.
The resulting wind powerforecasts (and simulations) for all OWFs are then added as per equation 19.7 to obtain time series for the entire offshore area.

(19.7)
19.3.2.2 Quality of the wind power forecast for the entire 2020 offshore scenario
This section shall outline the expected wind power forecast quality for the 2020 offshore expansion scenario. As described in the previous section, the 1 h and 2 h forecasts for all OWFs
with average rRMSEs of approx. 7.5% (1 h) and approx. 10.5% (2 h) were added together to
obtain an overall forecast time series and compared with the simulated overall time series.
The expected compensation effect can be observed and results in rRMSEs of 3.45% (1 h) and
5.72% (2 h).
However, these values do not represent any potential for improvement in terms of future wind
power forecasts. Despite this, it is certain that research within the area of OWF wind power
forecasts - whose current concerns include the problem of extremely large short-term fluctuations in wind power feed-in - will lead to an improvement in forecast quality. The potential
areas of optimisation outlined in Section 19.3.1.2 also point to this: examples of these are
more precise weather forecasts with lower spatial resolution, shorter calculation time and
more regular updating using appropriate measured data. Future technologies in the area of
wind power turbines (e.g. storm control systems) and more extensive use of modern measurement sensor technology (such as LIDAR) are also viewed as representing potential opportunities for optimisation in terms of forecasting - particularly very short-term forecasting.
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Table 19-5:

Wind power forecast quality levels for foecast horizons of one and
two hours for the offshore scenario 2020, normalised to the total
nominal power of Pn = 14070 MW

Source: IWES

Together with the potential areas of optimisation specified in 21.3.1.2, the following potential
levels of improvement were estimated for offshore wind power forecasting:
10% by means of wind farm-specific selection of a forecast model
15% by means of applying multiple weather models with weather situation classification
20% by means of selecting optimum input parameters
10% by means of using actual measured weather data (for short-term forecasts)
This results in an overall improvement in the mean absolute error of around 45%. In other
words, the observed forecast errors were reduced by 45% in the direction of the simulation.
This estimate leads to an expected forecast quality for the 2020 scenario of around 1.9% (1 h)
and 3.15% (2 h) rRMSE. An overview of additional quality parameters is provided in Table
19-5 and the resulting error distributions in Figure 19-9. In this context, it should also be
noted that the mRMSE for the offshore scenario is lower than for the onshore scenario: this
can be explained by the considerably higher capacity factor.
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Figure 19-9:

Error distributions of non-optimised and optimised wind power
forecasts for forecast horizonsof one (left) and two (right) hours for
the entire offshore expansion scenario 2020, normalised to the total
nominal power of Pn = 14070 MW

Source: IWES

19.3.2.3 Quality of the wind power forecast for the entire onshore and offshore scenario 2020
This section shall outline the expected forecast quality for the entire 2020 scenario (onshore
and offshore). For this purpose, the onshore wind power time series (measurements and forecasts) from Section 21.3.1 were added to the offshore wind power time series (simulation and
forecasts) from the previous section. The resulting nominal power corresponds to the installed
wind power capacity for 2020 that is assumed for this study (approx. 51 GW). The quality
levels of the optimised and non-optimised forecasts are specified in Table 19-8 and the resulting error distributions in Figure 19-10.
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Table 19-6:

Wind power forecast quality levels for forecast horizons of one and
two hours for the entire 2020 wind power scenario (onshore and
offshore), normalised to nominal power

Source: IWES

(19.8)

Figure 19-10:

Error distributions of non-optimised and optimised wind power
forecasts for forecast horizonsof one (left) and two (right) hours for
the entire onshore and offshore scenario 2020, normalised to
nominal power

Source: IWES

In comparison with the onshore values from Table 19-4, it is clear that aggregating onshore
and offshore data leads to a further reduction in the forecast error, which can ascribed to compensation effects. According to the equation in 19.8, the improvement for non-optimised fore396
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casts is approximately 5% for the rRMSE. However, the compensation effect is considerably
more noticeable in the form of the mRMSE, where an improvement of around 30% can be observed. This can be attributed to the frequent periods of high wind speeds at the offshore locations, which generally lead to more errors in the form of the rRMSE and, therefore, only allow
for a small improvement in the rRMSE when the onshore and offshore wind farm data is aggregated (see Table 19-5). As a result, forecast improvement by means of aggregation can
principally be seen in the mRMSE.
19.3.2.4

Expected improvement in the wind power forecast for the entire onshore
and offshore scenario 2020

Based on the previous sections, we can conclude that there are many factors which will improve forecast quality for the 2020 scenario. Figure 19-11 shows the expected forecast error
distribution for the entire wind power scenario 2020 in comparison with the current (2007)
forecast quality. The individual areas of potential improvement and the expected improvement as per equation 19.8 are listed in Table 19-7. An improvement of around 47% rRMSE
and 60% mRMSE is obtained as a result.
Table 19-7:

Improvements (as per equation 19.8) in wind power forecasting by
including potential optimisations and aggregating onshore and offshore wind farm data

Source: IWES
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Figure 19-11:

Error distributions in current (2007) wind power forecasts for the
German interconnected system (onshore only) and for the expected
wind power forecasts for the 2020 onshore and offshore scenario

Source: IWES

19.4

Combining forecast errors

In order determine the required balancing power ranges, the total reserve for a particular
safety level was calculated as a first step. The safety level specifies, as a percentage, the time
of year at which the balancing power range provision is to be assured for an area (in this case,
Germany).
The primary reserve provision is calculated on the basis of the specifications of the European
Network of Transmission System Operators for Electricity (ENTSO-E): in Germany, it is
around 700 MW. Where secondary reserve is concerned, the ENTSO-E has only issued a recommendation for the capacity that must be provided at any point in time.119 There are no
quantitative specifications for the third balancing power category - minute-based reserve - but
it must be possible to cover the largest generating unit outage with second-based and minutebased reserve. German transmission system operators use a common methodology for determining provision and issue joint invitations to tender on the capacities to be provided. This
also forms the basis on which capacity provision is determined in this study. Minute-based reserve meets the reserve requirements for the entire system, thus ensuring that a specified
safety level is met.
In Germany, each contractual zone is calculated with a safety level of 99.9% for incremental
and decremental balancing power. Each contractual zone provides enough balancing power to

119 UCTE, Policy 1: Load-Frequency Control and Performance
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ensure that there will only be insufficient reserve for autonomous compensation of supply and
demand in 0.1% of cases (8.76 hours per year). However, meshing with systems abroad reduces these potential downtimes in Germany to just a few seconds per year. Sensitivities are
calculated for modelling purposes with values of 99.99% (just under 53 minutes of provision
unavailable per year) and 99.975% (around 131 minutes of provision unavailable per year).
Since the introduction of a system of grid control cooperation, TSOs in Germany work together to dimension their balancing power, using a safety level of 99.9971% (15 minutes) as a
basis for this.

19.4.1

Recursive convolution

When the three distributions are combined to form a total distribution of fluctuations, it is assumed that the individual errors are statistically independent of one another. The total deficit
probability can therefore be calculated as a product of the individual deficit probabilities.
Mathematical convolution is used to combine the individual distribution functions into a single overall distribution function. Figure 19-12 contains a diagram outlining the principle of
convolution.
Figure 19-12:

Convolution process for BALANCE-WT

Source: EWI

The overall distribution function represents the fluctuations on the supply and demand side
which must be compensated using balancing power in order to ensure an equilibrium. Al399
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though it is assumed that the individual distribution functions for deviations from the schedule
caused by load forecast errors, load fluctuations and schedule changes are uniformly distributed, power plant outages always lead to a capacity deficit. The wind forecast error is incorporated into the calculation as a right-skewed distribution, as empirical analyses have shown that
wind incidence is systematically underestimated, particularly in the case of high wind speeds.
The extent of capacity provision can also be determined on the basis of the calculated distribution function, with a safety level specified. The BALANCE-WT program calculates the required capacity provision for various safety levels. The positive and negative capacity provision can be determined from the cumulative probability function (Figure 19-13). The fluctuating capacity is plotted on the x-axis, whilst probability is represented on the y-axis. Points on
the left of the y-axis represent a capacity deficit. In this case, it is necessary to draw on positive balancing power. The area underneath the frequency distribution represents the required
capacity provision. The area in which the capacity provision would not be sufficient is located
underneath the curve, on the left of the dashed line (or the right in the case of negative provision). If a higher safety level applies, this area is smaller; the dashed line moves to the left;
and the capacity provision must increase. The positive capacity provision can be read off the
x-axis depending on the safety level.
Determining the capacity provision in accordance with BALANCEWT

Positive balancing power:
0,1 deficit level

700 + 3.000 + 3.300 MW

frequency

Figure 19-13:

Capacity deficit [MW]

Negative balancing power:
0,1% deficit level

700 + 2.300 + 2.000 MW

Capacity surplus [MW]

Source: EWI

The capacity provision is made up of the primary, secondary and minute-based reserve. As an
example, the graphic above shows the current actual provision with a safety level of 99.99%.
400

Changing the forecast quality of wind energy infeed and the effect on balancing power provision

The total positive provision is 7,000 MW (700 MW primary reserve + 3,000 MW secondary
reserve + 3,300 MW minute-based reserve). The total negative capacity provision is 5,000
MW (700 MW primary reserve + 2,300 MW secondary reserve + 2,000 MW minute-based
reserve). The asymmetric capacity provision for the positive and negative balancing power is
the result of the distributions on which it is based. Power plant outages have a significant contribution to make in this respect: these always lead to a capacity deficit and move the entire
distribution to the left. This approach ignores the fact that the various reserve products are
subject to different technical requirements and are therefore not completely interchangeable
with one another. Additionally, it does not take into account the time component of the reserve products. However, experience has shown that it offers a very accurate reflection of dimensioning balancing power provision.

19.4.2

Modelling in this study

Balancing power provision is determined for both the current year (model reference
2008/2009) and for the year 2020. This means that certain assumptions must be made concerning the development of error distributions. In order to calculate the future load forecast error, the standard deviation of the current load forecast error was scaled with the assumed annual peak load for the year 2020. The power plant outage distribution depends on the installed
network of power plants and how these are used. The current power plant outage distribution
is determined on the basis of the current network of power plants and how these are used. The
network of power plants and how they are used are determined endogenously for the year
2020. In the same way as with scenarios in practice, a distinction is only made between peak
and off-peak times when determining the power plant outage distribution. Fraunhofer IWES
calculated the wind forecast error for the 1 h and 2 h-ahead forecast. Two overall error distributions are produced from adding the data. The difference between the results concerning
balancing power provision quantifies the effect of a more real-time forecast on balancing
power provision.

Figure 19-14:

Wind forecast errors for 1 h and 2 h ahead in the years 2007 and
2020
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Wind forecasting error 1h 2020

Density

Density

Wind forecasting error 1h 2007

Error

Error

Wind forecasting error 1h 2020

Density

Density

Wind forecasting error 1h 2007

Error

Error

Source: IWES, own representation

Table 19-8 shows the model results for secondary and minute-based reserve provision for the
year 2020 with a 1 h wind forecast taken into consideration. On this kind of market, imbalances from the previous day are compensated up to 1 h before actual delivery using intraday
trades. This balancing power provision that is calculated is incorporated into the model-based
analysis for the development of the electricity system. Table 19-8 shows the total of the required balancing power products for secondary and minute-based reserve capacity.
Table 19-8:

Modelled balancing power provision, 2020
(1 h wind forecast error)

Positive secondary and
minute-based reserve
power
Negative secondary and
minute-based reserve
power

Safety level = 99.99%

Safety level = 99.975%

4180 MW

3867 MW

3317 MW

3145 MW

Source: Own calculation
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Technical and financial potential of demand side
management

Aim:
The aim here is to investigate the potential, costs, technical requirements and actual instruments and incentives involved in strengthening the active involvement of the demand side in
the electricity system. This shall involve determining and evaluating both opportunities and
potential for smoothing the load curve and the provision of system services by means of load
management.
Methodology:
To begin with, Section 20.1 outlines the possibilities for using DSM. This is followed by a
classification of DSM processes in various sectors of industry as well as an estimation of the
potential each process offers. Section 20.3 outlines selected processes and their associated
costs in more detail for the purpose of creating a robust scenario. The annex contains additional investigations which are based on a wider range of technologies and sectors.
Traditionally, electricity sector modelling assumes that demand is completely inelastic in the
short term. One reason for this is that end consumers do not receive any short-term price signals and, therefore, no incentive to alter their demand. Additionally, it is assumed that demand
adjustments are even with available price signals not, as electricity usage cannot be postponed. For example, if electricity is required to generate light during the evening, then the
demand must be satisfied at exactly this point in time: recouping it at a later point (e.g. the
next day) is infeasible.
However, the (in)elasticity of electricity demand is not entirely due to the characteristics of
the commodity electricity and thus does not need to be viewed to be totally irresponsive. Recentdevelopments on the electricity market have lead to and further boost an increase of the
elasticity of demand. Thanks to the use of improved metering and billing methods (known as
smart metering), short-term price signals are becoming increasingly accessible, even for end
consumers, leading to stronger incentives for adjusting demand. Additionally, it is aimed at
facilitating reductions (load shedding) and postponements (load shifting) of demand by
thetechnical developments of devices that use particularly large amounts of electricity. . These
demand side responses induced by price sigbals s are referred to "demand side management"
(DSM).
The continous expansion of supply-dependent renewable energies in Germany - particularly
wind energy in coastal regions - is resulting in huge changes in the electricity sector. On the
one hand, the increase in stochastically fluctuatinginfeed that is difficult to forecast is placing
significant strain on the electricity transmission grid, as has already been demonstrated in the
dena grid study I. On the other hand, both pricing on the wholesale market as well as provision and demand on the reserve market are liable to significant changes. In this respect, DSM
can play an important role in fostering the integration of large capacities of volatile renewable
energies into the electricity system, and thus reduce the overall economic costs of the electric403
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ity sector or keep them low respectively (see Section 20.1). With the continous expansion of
volatile renewable energies DSM is becoming an increasingly important issue..
In the dena grid study I (2005), the demand side was represented as an exogenous load curve
fed into the model. One aim of the investigations carried out within the context of the study at
hand is to analyse the potential for electricity demand of the household sector and energyintensive industrial processes to offer flexibility (see Section 20.2). Furthermore, the costs
both for the installation of the necessary measurement and control devices and for the load
shifting or load shedding processes themselves are investigated (see Section 20.3). By means
of an extensive model expansion, the flexible demand potential in the spot market and balancing power market is modelled on the basis of demand processes and applications. For this
purpose, both the power plantdispatch decision and the investment decision are modelled for
the key processes in the household and industrial sectors (see Section 23.4). In particular, demand-side provision of positive and negative balancing power as well as load smoothing on
the spot market is investigated in depth. This will involve examining the activation of nonelectrical storage equipment, load shifting and load shedding in industrial processes and applications in the household sector, as well as analysing the influence of this on the electricity
markets (see Section 23.4.1).

20.1

Possible uses for demand side management

The load-increasing and load-reducing measures covered by the term "demand side management" must be marketed appropriately on electricity markets so that electricity price signals
are able to produce the right incentives for a reduction or increase of demand. In principle,
the spot market and reserve markets are adequate for this purpose in Germany. Additionally,
it is conceivable that DSM may be used in the area of balancing group compensation. The following sections discuss the possible uses of DSM on each of the markets and the associated
advantages for the electricity generation system in more detail.

20.1.1

Use of DSM on spot markets

Demand side management on spot markets essentially enables electricity demand to respond
flexibly to changes of the price of electricity. During periods of low feed-in of wind power
plants and high load, a short-term reduction in electricity demand may prevent or reduce peak
loads, for example. This method - referred to as “peak shaving” - reduces the use of expensive
peak load power plants, which in turn brings about a reduction in peak prices.
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Figure 20-1:

Representation of peak shaving and valley filling measures and
their influence on electricity prices
Valley Filling

Peak Shaving

Supplycurve in the
Electricity market
Pold

pnew

pnew
Pold

x1

x1= burdenshift

x2= burdenreduction

x1

x2

Source: EWI

Furthermore, certain DSM processes may replicate the function of electricity storages by enabling electricity demand to be recouped during periods with low electricity prices (e.g. periods
of high wind power infeed and low demand). This mechanism is generally known as “valley
filling”. Figure 20-1 shows a diagram of the two DSM mechanisms and their effect on electricity prices.
In principle, DSM potential can be sold on the EEX on both the day-ahead and intraday market. The pre-qualification criteria (see Section 18) are less stringent on these markets than on
reserve markets so that it easier for DSM to participate in them.

20.1.2

Use of DSM on reserve markets

To maintain the stability of the grid, the infeed into the grid and tapping from the grid must
coincide at any given point in time. To ensure this, it is necessary to compensate the unforeseeable fluctuations in power generation. This is particularly important in the case of generation from renewable energies: mainly wind energy, but increasingly photovoltaics too. Although compensation on the electricity supply side can be carried out by using positive and
negative balancing power, it is possible to implement demand-side measures (in the form of
DSM) too. Since a short-term increase (or reduction) in electricity demand has the same compensating effect as drawing on balancing power, more expensive conventional balancing
power may potentially be substituted by cheaper DSM measures.
The German Federal Network Agency (BNetzA) considers the involvement of industrial
suppliers to be an important ingredient for strengthening competition on the balancing markets.120 However, the possibility of DSM suppliers to participate having on these is highly

120 See BNetzA (2006), BNetzA (2007a) and BNetzA (2007b).
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dependent on the specific pre-qualification criteria of the reserve markets concerned. 121 Long
tendering periods, requirements for high availability and high minimum bid sizes represent
particular obstacles. The production process used by industrial suppliers is primarily based on
the company-specific order situation. Since this usually cannot be predicted very far in advance, it may not be possible to guarantee the provision of balancing power over a long period
without significant disruptions to the production process. Furthermore, it may only be possible to guarantee a high level of availability with sufficiently large backup capacities. For example, industrial suppliers may need to have additional production facilities that are able to
compensate for any potential outages. Combined with a high minimum bid size, this requirement may prohibit DSM suppliers from participating at the reserve market.
Reducing the tendering period for primary balancing power from six months to one month has
made this product more attractive to DSM suppliers. However, it is not easy for industrial
suppliers to meet the requirement of 100% availability. Additionally, technical restrictions
prevent any distinction being made between times of day122, meaning that permanent provision of potentially reducible capacity is required. This represents another obstacle for industrial suppliers, as industrial processes cannot normally accommodate permanent provision. In
sum, the participation of industrial DSM suppliers at the primary reserve market seems to be
unrealisitc. Therefore, in the medium term at least, transmission system operators (TSOs) do
not expect industrial suppliers to undergo pre-qualification to participate in the primary reserve market.
In the case of secondary balancing power, the generating units of pre-qualified suppliers are
connected to the capacity frequency controller of the TSO by means of communication connections (fixed network or remote). The use of secondary balancing power is directly controlled by the capacity frequency controller. For industrial suppliers, this ability of the TSO to
intervene directly in the production process, in addition to the tendering period of one month,
represent an obstacle for participating at the market.123 However, compared with primary
balancing power it is easier for industrial suppliers to submit bids as they are able to do so for
two time. 124 Additionally, the relatively small minimum bid size of +/-10 MW, plus the option of creating a multi-control zone pool of several suppliers encourage smaller (DSM) suppliers to enter the market. Despite this, TSOs believe that only a limited number of new sup-

121 The pre-qualification criteria for participation in reserve markets are defined in the Transmission Code: see
VDN (2007a), VDN (2007b). VDN (2003a) and VDN (2003b).
122 The introduction of time slices and the more frequent reparameterisation of the primary controller in induce
an increase of the risk of errors . This would jeopardise system safety. By conducting appropriate technical
modernisations that prevent this increase of the risk of errors, the division into time slices may be conceivable in the future. See BNetzA (2007a), pp. 16-17.
123 Even in the case of secondary reserve, the associated technical requirements currently make it difficult to
justify reducing the tendering period further, as daily reparameterisation of the power frequency controller
using the tendering results involves an increase of the risk of errors. See BNetzA (2007b), pp. 19-20.
124 Primary time slice: Monday to Friday, 08:00 – 20:00; secondary time slice: Monday to Friday, 20:00 –
08:00 as well as all day Saturday and Sunday. See BnetzA (2007b), pp. 24-26.
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pliers will do so due to the high quality requirements placed on secondary balancing power
and the technical connection associated with this.
The design of the tertirary reserve market encourages more competition than on the markets
for secondary and primary reserve. This is due to the comparatively moderate prequalification conditions: in particular, tendering periods of one day and the division of daily
demand into six time slices. The minimum offer size of 15 MW still presents an obstacle for
many industrial suppliers. However, the minimum size cab be achieved by means of pooling
multiple generating units (in the same way as with secondary reserve). It is not expected that
the minimum offer size will be reduced in the medium term, as it is not possible to implement
the relevant telephone call-up on time in the case of many small offers.
On the whole, there are currently few opportunities for marketing DSM capacities on reserve
markets due to technical restrictions and other framework conditions. However, based on future technical developments or adaptations in market design, an increase in the participation
of industrial supplier at these markets can be expected.

20.1.3

Use of DSM for balancing group compensation

In addition to marketing demand side management on the central spot market and reserve
markets, it is also possible to use it for internal compensation of individual balancing groups.
In this case, all that is needed to supply balance energy is the exchange of information concerning price signals and centralised control of call-ups. There is no need for complex IT resources for documentation, measurement and real-time data transmission, or other prequalification conditions. Therefore, the use of DSM in this area involves much less effort.
By contrast, however, it offers comparably few revenue opportunities. If the responsible for a
balancing group allows deviations from the schedule that was originally defined, it bears the
costs associated with the resulting balance energy. In this case,the responsible for a powerbalancing group will only turn to internal balancing options (such as DSM measures) if the
costs associated with these are lower than the balance energy costs which would otherwise be
incurred. Consequently, the revenue of marketing DSM for balancing group compensation is
still limited on how by the balance energy price.

20.2

Potential of demand side management processes

Demand side management processes can be subdivided into load shifting processes and load
reduction processes. Load shifting processes involve reducing the load at a given point in
time and increasing it at a later point in time. On one hand, this offers the option of satisfying
energy demand temporarily from storage facilities and then replenishing the energy later on.
On the other hand, production and demand can also be interrupted as part of the load shifting
process and then recouped at a later point in time, provided that capacity is not fully untilized.
Therefore, load shifting processes exhibit a time-based profile.
The load shifting potential of demand side management is determined on the basis of data on
shedding and recouping capacity, the maximum storage duration and storage volume, investment costs and the costs associated with shifting. Load shifting is only aneconomic option if
407
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the marginal savings in electricity generation costs exceed the costs associated with shifting
(storage costs).
In the case of load reduction processes, the load is reduced at a particular point in time,
without increasing demand at a later point in time. Therefore, these processes involve a reduction in production or electricity demand without the loss being replaced. If the utilisation ratio
is 100% or there is no possibility of storage, the process concerned can only be used for load
reduction. Using this kind of DSM potential has the same effect as investing in a new power
plant.
To determine the potential consequences of using these processes, data onshedding capacity,
maximum shedding duration, investment costs and the "value of lost load" (which represents
the opportunity costs of production foregone) was gathered.
In the following the the technical potential of demand side management for the household
and industrial sectors are outlined. The potential for each of the sectors in question is determined on the basis of a variety of approaches and basic data.

20.2.1

Potential in the household sector

In 2007, households in Germany consumed 141 TWh of electricity, which represented a slight
increase compared to the year 2004 (140 TWh).125
Not all household applications that use particularly large amounts of electricity offer potential
for DSM measures. In Figure 20-2, the graphic on the left shows each application as a percentage of the total energy consumption of households. Applications with potential for DSM
measures account for around 60% of the electricity demand in the household sector. These
can be broken down into the following categories: heating systems, cooling systems, hot water provision, and other electrical devices. The graphic on the right shows each application as
a percentage of the total electricity consumption of the DSM applications in the household
sector. The largest percentage - around 43% - is represented by heating systems, 23% by cooling systems, 17% by hot water provision and a further 17% by other electrical devices.

125 See Tzscheutschler et al. (2009), pp. 10-11.
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Figure 20-2:

Overview of household sector applications under consideration
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Source: EWI 126

126 These representations have been created using our own calculations, which are based on data from Stadler,
I. (2006), EWI/Prognos (2007), Grosscurth (2008) and BWP (2009).
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However, the electricity consumption of the relevant processes alone does not permit sufficient conclusions about their respecitve DSM potential. Rather, it is essential that basic technical conditions and typical load curves are also taken into account. The following section
will start by explaining the procedure used for data collection and the determination of the
potential. This is followed by an outlined of the individual processes and their potential.
20.2.1.1
Methodology
To determine the potential of DSM in the household sector, data concerning storage capacity
and available power capacities in various processes was gathered. Additionally, simplified
time profiles of the availability of the capacities were created. The overall energy consumption for each of the considered technologies and processes in Germany was taken from energy
statistics and existing research on cross-sector technologies (e.g. DESTATIS). Current trends
and forecasts were extrapolated in order to calibrate the model years concerned. For the purpose of characterising capacity/time dependencies, Stadler (2006) not only carried out measurements on processes in the laboratory and in test objects, but also converted processes into
models.127 Based on this information, it is possible to use diffusion rates to show a pro rata
temporal development in the integration of overall potential. In Prior (1997) household electricity consumption and its load profiles in Germany are investigated in detail. 128 Amongst
other things, this includes creating usage profiles for all electrical devices. There are different
profiles for both the summer and winter months as well as for the day groups "Monday - Friday", "Saturday" and "Sunday". The study at hand established the specific DSM potential of
individual household devices and cross-sector technologies in accordance with the modelling
method used in Stadler (2006).129
The parameters of the individual technologies outlined below merely provide information
about the technical potential of the applications; they do not give any indication as to their
economically useful potential. The subject here is the potential for balancing power capacity.
The balancing power used is subject to additional technical restrictions. 130
Overall, an average positive DSM potential of 6,732 MW and negative potential of
35,278 MW for the household sector can be determined using the procedure described
above. 131

127 See Stadler, I, (2006).
128 See Prior, D. (1997).
129 Additional bibliographical references on the subject of determining potential for industry can be found in
Paulus/Borggrefe (2010). Additional bibliographical references on the subject of household modelling can be
found in Paulus/Borggrefe (2009)
130 The the model takes technical restrictions concerning the freqency of calls, storage capacity and electricity
consumption of the processes into account.
131 "Average" means that the potential has been determined on the basis of the average load. In some cases, seasonal load fluctuations and daily load curves (taken into consideration in the model itself) lead to significant
seasonal and/or hourly deviations of the potential.
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Figure 20-3:

Overview of average DSM potential for balancing power in the
household sector

Source: EWI 132

Figure 20-3 provides an overview of the average DSM potential of individual applications in
the household sector, in relation to the total electricity consumption of the application concerned. Here, circulating pumps offer the highest positive DSM potential, whilst night storage
heaters offer by far the highest average negative potential. Due to the importance of technical
restrictions and typical load curves in this respect, a high level of electricity consumption
does not automatically result in high potential for DSM measures.
20.2.1.2

Heating systems

One of the main DSM applications in the household sector is electrical room heating by
means of night storage heaters. During low load periods overnight, these convert electrical
energy into thermal energy and store this in their core. They then emit the energy in the form
of heat into their surroundings over the course of the day.
In 1996, around 2.4 million night storage heaters with a connection capacity of around 35 GW
were installed in German households; in total, these used approximately 23 TWh of electricity. 133 Since the installation of electric heaters in new buildings is avoided wherever possible,
it is assumed that the number of storage heaters has remained constant until today.
The potential for DSM can be determined on the basis of the installed capacity of storage
heatersin Germany and an anylsis of heir operating behaviour. The thermal storage capacity
available depends on the season and temperature. In summer, there is practically zero storage

132 These representations have been created using our own calculations, which are based on data from Stadler,
I. (2006), EWI/Prognos (2007), Großcurth (2008) and BWP (2009).
133 See VDEW (1998), source: Stadler, I. (2006), p. 49.
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potential due to the possibility of overheating, whereas in winter the storage capacity can be
used to its full extent. Night storage heaters can be used for load shifting, but not for load reduction. Although the total quantity of demanded heat remains constant, the time-based callup of the energy required for providing heat is variable. Consequently, night storage facilities
have potential for both positive and negative DSM.
From this a positive DSM potential of 5,864 MW in winter and a negative potential of
25,692 MW at certain hours during the heating period can be determined. Potential outside of
the heating period is only available in theory, as households do not tend to provide heat storage during the summer months.
The German Energy Savings Act of 1st October 2009 stipulates a step-wise decommissioning
of old night storage heaters starting 2020. However, the act contains a series of exceptions,
which raises the question of how much of an effect it will have on the existing inventory.
Since hot water heating systems generate heat by burning gas or oil, the DSM potential in this
case is limited to the electrical energy required for distributing the heat. Electricity is used to
pump hot water through the heating circuits using circulating pumps.
Since the majority of buildings in Germany are heated by means of hot water heating systems,
the proportion of electricity consumption that circulating pumps account for in private households is very high. In Germany, the annual electricity demand of circulating pumps is approximately 15 TWh, or at least 3.5% of Germany's total electricity demand.134
Although the capacity available for DSM depends on the circulating pumps alone, the possible duration of capacity provision depends on the building structure and the amount of storage
it offers. Buildings feature thermal storage capacity; i.e. heat is stored in the structure of the
building. When the heating system is switched off, the room temperature does not drop immediately, but is retained for a certain amount of time (depending on the building standard)
even without any heat being supplied.135
The potential contributionof hot water heating systems to demand side management is determined on the basis of three factors: the number of systems present, their installed capacity
and their average useful life.
Circulating pumps only offer positive DSM potential, as only the process of switching off active heating systems can be used economically. Consequently, the DSM potential of circulating pumps in the household sector is dependent upon the seasons. It has been assumed that
circulating pumps run continuously during winter and that the remaining full load hours are
distributed equally between spring and autumn. This results in a maximum positive DSM potential of around 2,316 MW in winter.
fs generate heat by using electricity to "pump" ambient heat up to a higher temperature. In this
application, the times of electricity demand heat provision t may be decoupled if thermal storage facilities are available. As described above, a heated room may be seen as a thermal storage facility.

134 See Stadler, I. (2006), p. 139.
135 See Bukvic-Schäfer, A. S. (2007).
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For the year 2009, the Bundesverband Wärmepumpe e.V. (BWP; German Heat Pump Association) assumes a quantity of 335,000 systems with an installed heating capacity of around
4.1 GW in Germany. The number of systems continues to grow significantlyr: 54,800 units
were sold in 2009 despite the economic crisis. 136 The BWP predicts an optimistic scenario for
2020 with 1.74 million systems installed, amounting to a heating capacity of 16.6 GW.
As with all other room heating applications, the DSM potential of heat pump technology is
subject to seasonal fluctuations. In the case of Germany, there is a maximum positive DSM
potential of 722 MW in winter and a negative potential of 1,333 MW in summer. 137
20.2.1.3

Electric hot water generation

Electric hot water devices with integrated storage facilities can be used for DSM purposes.
They are able to heat up water using an electric resistance heating system and store it for an
extended period in a thermally insulated tank without any significant losses. In practice, only
larger hot water devices with a storage volume of over 30 litres are taken into consideration,
as the storage losses of smaller devices are too large due to the change in the surface-tovolume ratio. In addition, the costs for installing regulating devices on small hot water storage
facilities would be disproportionately high.
According to a survey concerning electric hot water generation carried out by the European
Commission as part of the SAVE project, in 1997 hot water was generated electrically in approximately 44% of German households.138 In 2003, around 11 GW of electric hot water devices were installed in the German household sector, accounting for a total electricity consumption of 15 TWh.139
Electric hot water storage facilities offer both positive and negative DSM potential. On the
one hand, for positive DSM , the devices can temporarily cover the hot water requirements
from the storage facilities and thus have no need to draw any electricity. How long this kind
of balancing power can be provided depends on the hot water consumption and the storage
capacity. A free-standing storage heater is dimensioned for the maximum heat demand of one
day, meaning that the electric power drawn can be postponed by at least 24 hours. If daily
consumption is lower than originally dimensioned, it can be postponed for even longer. On
the other hand, negative potential is available if the storage facility is not completely full and
water is heated by means of electrical energy and stored. In order to utilize low-tariff times,
the devices are dimensioned in such a way that they can charge their storage facilities completely within eight hours. Based on the installed capacity and typical load profiles, the average positive DSM potential is 669 MW and negative potential is 2,024 MW.

136 See BWP (2009).
137 Since the DSM potential offered by heat pumps is very low (based on the potential determined in this analysis), they have not been included in this investigation. However, since itcan be assumed that heat pumps will
have a more significant role to play in DSM in the future, they have been incorporated into the annnex as part
of the sensitivity analysis.
138 See Lechner et. al. (1998), source: Stadler, I. (2006), p. 62.
139 See Geiger, B. et al. (2005), VDEW (2004) and ISI/DIW/GfK/IfE (2004), source: Stadler, I. (2006), p. 62.
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20.2.1.4

Cooling systems

In the household sector, not only electric heat generation devices, but also electric cooling
systems such as refrigerators and freezers can be used for DSM purposes. Thanks to the thermal capacity of the chilled or frozen goods, a cooling unit can be taken out of operation for a
certain period without the temperature of the goods rising too much immediately. The electricity required for cooling is therefore flexible over time and can be brought forward or recouped at later hours.
The figures on the annual electricity consumption of refrigerators and freezers in Germany
differ according to the source concerned and are between 18.6 TWh and 25.6 TWh.140
The processes involved in and potentials of both cooling systems as load shifting applications
shall be outlined in more detail in the sections that follow.
Since air has a very low thermal capacity, the load shifting potential of modern refrigerators
primarily depends on the thermal capacity of the chilled goods. The fuller a refrigerator is, the
better it will function as a storage facility (assuming that up to 35% of the volume can be
used).
Figure 20-4:

Positive and negative DSM capacity of refrigerators (left) and
freezers (right) in households with normally distributed load
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Source: Stadler, I. (2006).

Refrigerators demonstrate both positive and negative DSM potential. The extent of the positive potential in the course of time can be determined based on the relationship between the
switch-off time and the fill level of the refrigerators. The maximum negative potential is the
electricity demand that arisies by an simultanous startup of all installed refrigerator compressors assuming a chilled goods temperature of +7 C. In this case too, the operation time is dependent upon the filling levelof the refrigerator (see Figure 20-4).141
In contrast to positive balancing power, negative balancing power is available for a much
shorter period, as device cooling is carried out much faster than heating. However, rapid cooling consumes much more energy. This means that the maximum negative power (at approx.
4.24 GW) falls within the first hours. Meanwhile, the maximum positive balancing power (at

140 See Steimle, F. et al (2002) and Geiger, B. et al. (2005), source: Stadler, I. (2006), p. 102.
141 See Stadler, I. (2006), p. 114.
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approx. 1.5 GW) is spread over a longer period. On average, however, only 554 MW of positive and 1,368 MW of negative DSM potential are available.
Upright freezers and chest freezers represent another cooling application in private households. Positive and negative DSM potential is used in the same way as the refrigerator application described above. In case of freezers storage times are considerably shorter: not only is
the difference of temperature between the refrigerator interior and the environment (and,
therefore, the heat input) much larger, but also the thermal capacity of water is reduced to almost half when freezed to ice ice. Foodstuffs behave in a similar way.
With a temperature range of -18°C to -12°C, the maximum negative capacity is around
3.5 GW for the first 90 minutes, whilst the maximum positive capacity is only 1.5 GW for the
first 200 minutes (see Figure 20-4). 142 On average, this results in a positive DSM potential of
571 MW and a negative DSM potential of 530 MW. 143
20.2.1.5

Other electrical household devices

Unlike thermal and electrical applications, household devices such as tumble dryers, washing
machines and dishwashers do not have energy storage facilities. To generate DSM potential, it
is necessary for consumers to influence the usage profiles of the devices.
In 2003, approximately 11% or 15.2 TWh of the electricity consumed in households was deu
to the use of dishwashers, tumble dryers and washing machines.144
Since the times at which these household items are used may vary, there is both positive and
negative load shifting potential. Based on the typical usage profile, a maximum positive capacity of around 3.8 GW can be provided between 11:00 and 14:00. As the devices are generally not used during the night, barely any positive capacity is available at this time (see Figure
20-5).145 On average, this equates to a positive potential of 1,621 MW, of which only
212 MW can be used due to technical restrictions.
The negative DSM potential is the difference between the calculated installed capacity
(20.8 GW) – i.e. the maximum negative capacity – and the aggregated daily load curve. This
equates to an average negative potential of 2,832 MW. Assuming that the load can only be
shifted once within the space of twenty-four hours, approximately 41.6 GWh are available
each day with an assumed device operating duration of two hours.146

142 See Stadler, I. (2006), p. 116.
143 For one-hour bids on the spot market, a higher negative DSM potential can be assumed. Offers on the balancing power market, however, are for a four-hour block, meaning that the positive and negative potential
are, on average, very similar.
144 See Geiger, B. et al. (2005), source: Stadler, I. (2006), p. 166. In the calculations for technical potential, an
electricity consumption level of 14.2 TWh is assumed for the year 2008 (based on own calculations).
145 See Stadler, I. (2006), p. 169.
146 See Stadler, I. (2006), p. 169.
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Figure 20-5:

Load profile for washing machines, tumble dryers and dishwashers, without load shifting by means of DSM taken into account
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20.2.2

Potential in the energy-intensive industrial sector

In 2007, around 227 TWh of electricity were consumed in the industrial sector, representing a
moderate increase compared to the the year 2003 (210 TWh consumption). 147 As holds true
for the household sector also in the industry sector it is not possible to use all processes and
technologies for DSM measures. The graphic on the left inFigure 20-6 divides the overall
electricity consumption into percentages representing each of the technologies and industrial
processes. Overall, applications accounting for just 24% of the electricity consumption in the
industrial sector can be considered for DSM purposes. The graphic on the right shows each
industrial process as a percentage of the total electricity consumption of the DSM applications
in the industrial sector. Here, the steel industry accounts for the largest percentage at around
33% of electricity consumption, followed by the paper industry at 24%.

Figure 20-6:

Overview of industrial sector applications under consideration

147 See Tzscheutschler et al. (2009), pp. 10-11 and Geiger, B. et al. (2005), p. 54.
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However, it is not only electricity consumption that matters when determining the potential
for DSM measures: typical load curves and technical restrictions are also relevant. The section below outlines the procedure for determining potential and explains the cinsidered technologies and processes.
20.2.2.1

Methodology

In the industrial sector the most energy-intensive individual industrial processes with a particularly high share of gross value added in terms of electricity costs were caputred using a
bottom-up approach.149 These include processes in the paper industry, chemical industry,
aluminium industry, steel industry and cement industry. The determination of the current
technically feasible potential is based on company surveys, as well as on data on quantities
produced, electricity intensity of each production process, periods of full utilization and the
proportion which can be used flexible. This data is scaled up to the total potential in Germany
by means of averaging, using the production quantities concerned as a basis.
The graphic below shows the technical potential of each process (though not necessarily the
economic potential).

148 The graphic is based on own calculations that were performed using data from Tzscheutschler et al. (2009),
Radgen, P. (2001), Steimle, F. et al. (2002), Stadler, I. (2006), De Almeida, A. et al. (2000), and Klobasa, M
(2009).
149 Some of these processes are so flexible that they already pre-qualify for use as minute-based reserve.
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Figure 20-7:

Overview of average DSM potential of individual energy-intensive
processes in the industrial sector

Source: EWI (2010).150

In sum, the procedure described above for determining the DSM potential of individual energy-intensive processes in the industrial sector produces an average positive DSM potential
of 2,143 MW and an average negative DSM potential of 485 MW. 151 Figure 20-7 shows the
potential of individual processes in relation to the electricity consumption of the whole industry. Here, it should be noted that the steel industry accounts for the majority of the positive
potential - due, among other things, to the high specific electricity consumption - whilst the
chemical industry demonstrates the highest negative potential due to the storage possibilities
of its processes.
In Germany, the production of cement clinkers is conducted by one ofthree different processes: 88.4% by means of a drying process in drum type furnaces with cyclone preheaters,
10.7% by means of mixed methods, and 0.9% by means of a shaft kiln process.
Since 1999, cement production in Germany has been on a downward trend. Although
37 million t of cement (incl. cement from imported clinker) were still being produced in 1999,
by 2008 this had dropped to just 31 million t.152 Accordingly, the electricity demand decreased too, from 3.73 TWh in 1999 to 3.24 TWh in 2005.153

150 The graphic is based on own calculations that were performed using data from Tzscheutschler et al. (2009),
Radgen, P. (2001), Steimle, F. et al. (2002), Stadler, I. (2006), De Almeida, A. et al. (2000), and Klobasa, M
(2009).
151 "Average" means that the potential has been determined on the basis of the average load. In some cases, seasonal load fluctuations and daily load curves (taken into consideration in the model itself) lead to significant
seasonal and/or hourly deviations in potential.
152 See BDZ (2010a).
153 See BDZ (2010b).
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Following detailed surveys, the installed capacity was estimated to be 314 MW, with 85%
utilisation and almost 100% flexibility. 154 The focus of the potential analysis is on electricityintensive raw and cement mills, which require 26 kWh/t and 46 kWh/t of cement respectively.
From this it can be determine that the proportionate electricity demand of mills that is relevant
for DSM is in the region of 2.4 TWh/a. Since most milling processes are carried out during
the night due to the cheaper electricity tariffs, night hours offer the highest potential for load
reductions. By contrast, during the day the capacity is generally not used, meaning that load
increases are possible at this time. Based on the installed capacity, electricity consumption
and typical load profiles of the relevant processes, for the cement industry the average positive DSM potential is 45 MW and average negative potential is 269 MW.
Due to the growing requirements of the market concerning capability (as in the case of pulverisation, for example), the Verein Deutscher Zementwerke e.V. (German Cement Works
Association) predicts that energy demand will rise in the future. Particularly as a result of the
increase in the production of cements with various main components, as well as the growing
number of environmental regulations, electricity consumption is expected to rise to an extent
that cannot be compensated by technological advances. 155 Therefore, also an increase in the
potential for DSM measures in the field of cement production can be expected.
Chlorine is not a naturally occurring element: instead, it is obtained from an alkali chloride dilution by means of a process known as chlorine-alkali electrolysis. Chlorine-alkali electrolysis
can be carried out using the diaphragm method, the amalgam method or the membrane
method. Each of these three methods requires a different amount of electricity (approx.
3,500 kWh/t, approx. 3,400 kWh/t and approx. 2,850 kWh/t respectively, plus chlorine).156
In 2006, around 5.07 million tons of chlorine were produced.157 Of these, approximately
1.37 million t (27%) were produced using the amalgam procedure 1.17 million t (23%) using
the diaphragm procedure and approximately 2.53 million t (50%) using the membrane procedure.158
At an average of 7,400 hours, the annual capacity utilisation of chlorine-alkali electrolysis is
high. Additionally, 30% of the power can be used flexibly on average. As chlorine cannot be
stored, it is only possible to reduce the electricity demand for a limited period of time. The
load can be reduced by up to 40% over short periods of time (two hours or less).159 Due to
this high proportional utilisation and the inability to store the product, positive DSM potential

154 See Paulus, M. and Borggrefe, F. (2009).
155 See VDZ (2005), p. 14.
156 See VCI (2005).
157 See VCI (2005).
158 Percentages according to VCI (2005).
159 The chlorine-alkali electrolysis procedures of the five companies surveyed require a total power of
1,050 MW of which 210 MW (20%.) can be used flexible.Since up to 40% can be reduced over a short period, on average 30% flexible use is assumed for the whole of Germany.

419

Technical and financial potential of demand side management

is only available to a limited extent.160 The sum of all three procedures thus amounts to an
average positive DSM potential of 556 MW and an average negative DSM potential of
346 MW.
It is expected that the average electricity intensity will decrease over the coming years as a result of a long-term shift to the membrane method and further technological progress in the
electrolysis technology. However,the amalgam procedure will not be completely replaced
with the membrane procedure, as there are some special chlorine products which can only be
produced using the former. As a result, the average electricity intensity for chlorine production up to the year 2030 will not fall below 2,350 kWh/t.
Like chlorine, aluminium does not occur in a pure form in nature either. Instead, it is obtained
in two steps, the first of which involves isolating aluminium oxide from bauxite in what is
known as the Bayer process. Following this, pure aluminium (primary aluminium) is obtained
by means of an electrolytic smelting process.
In 2005, 52% of the raw aluminium in Germany (around 1.3 million tons) was produced from
recycling, with only 5% of the energy required for obtaining primary aluminium. The remaining 647,900 t of aluminium (approximately) were manufactured by smelting primary aluminium. 161 The electrolysis work required to do this represents the most electricity-intensive
process within the aluminium production. Electrolysis requires 15,000 kWh/t per kilogram of
aluminium, although theoretical values of 13,000 kWh/t are possible.
Electrolysis is performed uninterrupted and thus displays 8,760 hours of full utilisation per
year. Apart from small dips lasting three to five minutes which occur two to three times a
month as a result of maintenance work, the load curve is therefore entirely horizontal. Due to
this full utilisation, the process can only be used for load reduction purposes. In order to meet
supply obligations, this load must be recouped at a later point in time: although storing aluminium would be possible in theory, the high costs this would involve in terms of fixed capital and loss of interest prevents it being an economic option. Restarting the process of electrolysis after an interruption is extremely time-consuming and energy cost-intensive.
It is possible to use a rectifier station (transformers) with a load level switch to ramp electrolysis down to a defined percentage. Since the period of activation only lasts seven-and-ahalf minutes on average, the electrictiy demand can also be lowered at very short notice; in
theory, the power may be ramped down to 40%. For safety reasons, however, only 25% can
be used flexible; load reduction is possible for a period of up to four hours with full exploitation of the flexible share.. This results in an average positive DSM potential of 277 MW.
There is no negative DSM potential.In the steel industry, each of the producttion stages is associated with different electricity intensities. Electrical energy is in particular used in electric
furnace processes (steel melting): here, heat is generated by means of induction that melts the
scrap iron.

160 See Paulus, M. and Borggrefe, F. (2009), p. 3.
161 See GDA (2010).
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The average electricity intensity for producing electric steel is 525 kWh/t. In 2005
13.7 million t of electric steel were produced with an electricity consumption of 7.2 TWh.162
Concerning electricity intensity it is expected that electricity consumption per ton of electric
steel will drop to 499 kWh by 2030. In total, an installed capacity of around 1,107 MW is estimated ofelectric arc furnaces for electric steel production purposes.
Melting takes approximately 45 minutes, and 15 minutes are required to empty and fill the
furnace. This means that the plants are working at 75% capacity on average. The process taking place in the electric arc furnace can be completely interrupted at very short notice and is,
therefore, 100% flexible in theory. However, if the equipment is switched off for more than
thirty minutes, the melting process will need to be started again. The average positive DSM
potential is 815 MW; there is no negative potential.
In the paper industry, paper and cardboard are produced for the purpose of converting them
into a whole range of end products, from various grades of cardboard right through to fine paper. This is carried out by means of chemical fibre treatment, mechanical force application or
recycled paper pulp processing. 163 Four electricity-intensive processes/types of technology
with flexible electricity demands are used: paper machines, coating machines, calenders and
stock preparation. However, only stock preparation can be used for DSM purposes. Paper machines are unsuitable as they are activated for more than twelve hours. Coating systems and
calenders can be used for DSM in principle, but these will not be examined in further detail
due to their extremely low electricity demand.
Stock preparation systems for mechanical wood pulp have the highest flexibly usable electricity demand in the paper industry. With an electricity consumption of around 1,850 kWh/t material on average, the majority of this potential is offered by refiners, which grind up the raw
materials. For calculation purposes, the level of mechanical wood pulp production in Germany is assumed to be at around 1.03 million t, equating to 2.9 TWh electricity consumption.
164

The millstones can be switched on and off individually, meaning that the load can be reduced
or increased within just a few minutes. Since the systems are working at an utilisation rate between 60% and 80% and the pulp can be stored for up to a week, the process is suitable for
load shifting. Of the total electricity demand, an average of around 217 MW positive DSM
power and 94 MW negative DSM power is available. With a current storage capacity of
around one-and-a-half hours, this process can be used to shift 467 MWh of electrical energy
in the form of mechanical wood pulp produced. Table 20-1 shows a summary of the assumptions and calculations of the potential of DSM measures in energy-intensive industrial processes.

162 See VDEW (2007), S.278.
163 See Edison Electric Institute (1988).
164 See VDP (2010) for a comparison.
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Table 20-1:

area
Cement production:
Raw- and cementmi lls
membranemethod
Chlorinedi aphragm
alkali
electrolysis method
Amalgammethod
aluminiumelektrolysis
electric arc furnace

Calculating the technical DSM potential of electricity-intensive industrial processes
Electri city intensity
[kWh/t]

producti onout
Ratio being
Full utilisation
put
flexible
hours
[mio. t]
usable

potenti al
[TWh]

Storage
DSM capacity dimension
[MW]
[MWh]

rawmills: 26 kWh/t
cementmills: 45 kWh/t

31,00 Mio. t

7.500 h

100,00%

2,20 TWh

314 MW

-

2.850 kWh/t Chlor

2,35 Mio. t

7.400 h

30,00%

2,01 TWh

263 MW

132 MWh

3.500 kWh/ t Chlor

1,17 Mio. t

7.400 h

30,00%

1,22 TWh

160 MW

80 MWh

3.400 kWh/t Chlor

1,87 Mio. t

7.400 h

30,00%

1,91 TWh

246 MW

123 MWh

15.000 kWh/t Al

0,65 Mio. t

8.760 h

25,00%

2,43 TWh

277 MW

-

525 kWh/t

13,70 Mio. t

6.500 h

100,00%

7,19 TWh

1098 MW

-

1.850 kWh/t

1,03 Mio. t

6.100 h

100,00%

2,90 TWh

311 MW

467 MWh

19, 86 TWh

2.669 MW

802 MWh

Paper production:
preperation of mechanical
wood pulp
sum

Source: EWI (2010).

20.3

Costs of demand side management

The previous section established the technical potential of demand side management in individual processes. In order to integrate these DSM processes into the model ofGermany's electricity supply system according to the merit order, it is also necessary to determine the costs
associated with integrating the load side into energy management. Herbey, the costs can be
divided into three categories: investment costs, fixed operating costs and variable costs (see
Table 20-2).
Table 20-2:

Cost parameters for DSM processes in households, the trade and
services sector, and energy-intensive industries

Parameter

C ost compone nts

Variable costs

Oppo rtunity costs for loss of prod uction, further variable costs,
D elta o f procurem ent costs, storage losses

Ann ual fix c osts

Info rm ation costs, transaction costs, contro l costs

Investme nt costs

insta llation of m easure ment-tech nolog y facilities,
Autom atic m easurem ents for co ntrol

Source: EWI (2010).

Investment costs are incurred once the DSM potential is is technically made accessible. Costs
of this type include cost for metering devices (such as smart meters), certain control devices
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such as energy management systems and central control systems, and installation costs for
data transmission technology. They are of particular relevance to the household sector. 165
The investment costs that are assumed for DSM in households are based on interviews with
experts from supply companies and energy system providers. It has been assumed that learning curve effects will be experienced at a learning rate of 15% in the years leading up to 2020
(if the cumulative output is doubled, the investment costs will drop by 15%). By 2015, "intelligent" applications that are not dependent on additional energy management systems may
also have been launched on the market, allowing for a further reduction in investment costs.166
Since most industrial companies already have an energy management system, investment
costs in the industrial sector are very low, at around one euro per kW. The installed capacities
are large enough for any additional costs (for pre-qualification, for example) to be deemed
negligible.
Fixed operating costs are incurred on a regular basis and are not related to the actual use of
the DSM measures. These costs are predominantly the costs for data exchange between the
smart meter and DSM control centre via a data transmission system.
Based on the generally high levels of availability and cost efficiency, it has been assumed that
90% of households use wired Internet connections for data transmission. For the remaining
10%, it is possible to connect to the control centre via a wireless network. Additionally,
household consumers must receive incentives or be compensated for loss of use (e.g. loss of
flexibility when using washing machines, dishwashers and tumble dryers). Annual compensation of €50 per household is assumed in this case. 167 Industrial companies often already have
a connection to a control centre, meaning that their fixed operating costs for data exchange are
very low.
Variable costs are those that are incurred when a DSM measure is actually implemented. In
the case of load shedding, variable costs consist of the opportunity costs of foregone production, known as the "value of lost load".168 Variable costs or opportunity costs are therefore in
particular incurred during all energy-intensive industrial processes. Processes that shift their
load recoup production later on and thus only bring about opportunity costs for time shifting.
The relationships between these processes and upstream/downstream processes must be considered in this context. Additionally, the use of storage for load shifting may also involve
storage losses that need to be compensated. This means that less load is shed than needs to be
recouped. Load shedding, on the other hand, is characterised by opportunity costs for foregone production, meaning that the variable costs of the processes associated with this are high
in comparison to processes with storage potential.

165 For a detailed examination of the investment costs for DSM in households, see von Wissel, A. (2008). This
study also serves as basis for the investment cost assumptions made for the household sector.
166 See von Wissel, A. (2008).
167 At this point, please note that there is insufficient data concerning the extent of compensation required.
168 In this case, the “value of lost load” was either calculated using the gross added value of the process stage or
the entire industrial process or was determined on the basis of interviews with experts.
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Table 20-3 shows that the assumed investment costs, variable costs, and fixed annual costs
differ significantly between the applications.. For example, in the industrial sector the variable
costs for electric arc processes are, on average, higher than those for aluminium electrolysis.
This is due to the lower energy intensity of steel production when compared to aluminium
production. Investment costs vary considerably as well. Depending on the energy intensity of
the connected device, households incur investment costs between €38/kW for night storage
heaters and around €7,000/kW for the connection of heating circulation pumps (based on
2020 data) 169.
Table 20-3:

Variable costs, fixed costs and investment costs for the DSM processes under consideration

Electricity intensive proce sses

Variable cos ts
[€ /MW h]

Annual fix costs
[€ /kWa]

Inve stm ent co sts
[€/kW]
(Learning ratio 15%)

20 10

2 020

2 010

2 020

2 010

2 020

slider, refiner

< 10

< 10

<1

<1

~ 5 - 20

~ 5 - 20

Night-stor age hea ter

~ 0

~ 0

25,4

25,4

38

13

Ele ctric water hea ting

~ 0

~ 0

53,7

53,7

4 50

1 50

Refr ig erato r and freezers

~ 0

~ 0

63,2

63,2

1 .190

2 80

Washing -m achine , dish washer,
dryer

~ 0

~ 0

90,9

90,9

7 40

1 76

> 100

> 100

<1

<1

<1

<1

Raw - and cem entm ills

50 0 – 1.000

50 0 – 1 .000

<1

<1

~ 10 – 20

~ 10 - 20

aluminiu melektrolysis

50 0 – 1.500

50 0 – 1 .500

<1

<1

<1

<1

> 1.000

> 1.000

<1

<1

<1

<1

~ 0

~ 0

68,0

68,0

7 .070

2 .360

Bu rden shifting processes

Chlorine -alkali electrolysis
Bu rden reduction processes

electric arc f urna ce
Heating circulation pump

Source: EWI (2010).

Whilst fixed operating costs in the household sector are between €25/kWh and €90/kWh per
year, the majority of industrial companies are already connected to a control centre and therefore have little financial outlay in this respect. As a result, the fixed costs for DSM data exchange are negligible.

169 See von Wissel, A. (2008).
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21

Contribution of wind power plants to the balancing power market

Aims:
This third main topic shall analyse the possibility of wind power plants themselves providing
balancing power, with regard to integrating fluctuating wind energy infeeds.
Methodology:
To determine the technical potential of flexibility, the first step will be to outline the legal
framework conditions for balancing power products. Following this, aspects of model implementation shall be outlined. The model results shall be presented in Section 23.
In order to provide balancing power and reserve power, providers have to meet stringent requirements in terms of availability. The natural fluctuations of wind energy considerably reduce what it can potentially provide. Despite this, WTs are still able to contribute to balancing
power provision under certain conditions.

21.1

Technical framework conditions of balancing power provision by
renewable energies

The Transmission Code 2007 is the latest incarnation of the grid and system regulations governing German transmission system operators, and stipulates the requirements for generating
plants to participate in the German balancing power market. For this purpose, generating
plants need to undergo pre-qualification (see the Transmission Code 2007, Appendix D 1 -3).
The requirements mainly concern the size of the minimum balancing power range that is
available, as well as the availability of the plants in terms of both technical aspects and time.
Further requirements concern organisational matters as well as requirements in terms of
measuring and information technology. In the sections that follow, it is assumed that these requirements can be met by renewable energy plants in principle.

21.2

Technical potential for balancing power provision offered by
wind power plants

Wind energy is subject to fluctuations by its very nature, and this is not compatible with strict
requirements in terms of the availability of balancing and reserve power. In principle, it only
makes sense for pitch-controlled wind power plants to participate in the balancing power
market. Currently, around 73% of all the wind power plants installed in Germany are pitchcontrolled. However, these plants usually have a larger installed nominal power, which means
that 83% of installed nominal power is pitch-controlled. The majority of the new wind power
plants being installed at the present time are also pitch-controlled. In 2005, 6% of newly installed wind power plants were stall controlled; in general plants with lower capacities. By
2020, the percentage of stall-controlled wind power plants will have dropped even further, as
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it is unlikely that any additional plants of this type will have been erected. According to the
repowering assumptions made for this study (see Section 2.1.1), in 2020 only around half of
the stall plants that have been erected since 2000 will still be in place; this equates to around
500 MW. Consequently, based on the wind energy expansion scenario presented by this
study, the maximum level of wind power for balancing in 2020 will amount to approximately
50.5 GW.
According to the Irish Grid Code, wind power plants should also provide primary balancing
power. For this purpose, they are limited to 90% of their available power. In the event of a
drop in frequency, the remaining 10% of balancing power is provided automatically. The
German Transmission Code proposes a similar method of operation for plants which participate in primary balancing. However, renewable energy plants may be exempted from primary
balancing requirements. At the present time, the biggest obstacle is the monthly tendering period for primary balancing170, as it is not possible to produce a wind power capacity forecast
with a minimum required level of accuracy for this time period. The same applies to secondary balancing. 171 Where minute-based reserve is concerned, TSOs put out invitations to
tender each working day. 172
For minute-based reserve and, in principle, for secondary balancing too, the first thing that is
required is a forecast of the wind energy infeed expected for the next few hours or the next
day. Due to the fluctuations in wind supply and the fact that forecasts are never 100% accurate, a probability interval is also determined for the forecast. This interval provides information on how probable it is that the actual infeed will deviate from the forecast. The lower limit
of the interval is therefore also the minimum wind infeed capacity value that is highly likely
to be available (depending on the quality of the probability interval).
Since stringent requirements are placed on the availability of balancing power, the lower limit
of the forecast interval must be taken as the reference point for the balancing power, rather
than the forecast value. The available balancing/reserve power must be determined on the basis of this value. If the power output of the wind farm is throttled to below this value, the difference is available as positive balancing power (see Figure 21-1).

170 Paragraph 4 of BK6-06-065.
171 Para. 3 BK6-06-066
172 Para. 4. BK6-06-012.
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Figure 21-1: Provision of balancing power by wind farms
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The potential of the wind energy to provide positive balancing power is highly dependent on
the accuracy of the forecast and its associated probability interval.
Creating wind farm clusters173 which are distributed over a large area may improve the accuracy of the forecast and, therefore, the size of the probability interval. The balancing/reserve
power supply can be ensured by means of pooling (e.g. using biomass plants), even in the
case of calms. 174
Another stumbling block that German law presents is that plants are not allowed to claim a
RESA tariff and a tariff for the provision of balancing energy at the same time, as this would
create distortion in the market which favours renewable energy over conventional forms of
generating electricity. Therefore, balancing power can only be provided by RESA plants outside of the RESA tariff conditions and as part of a direct selling strategy.

21.3

Economic analysis of the flexibility of wind power plants

WT supply on the balancing power market is analysed separately according to positive and
negative balancing power.

21.3.1

Positive balancing power

With marginal costs of virtually zero, wind power plants are at the very left in the merit order.
If the wind supply permits it, WTs should always generate electricity as infra-marginal plants.

173 WCMS (2009)
174 Kombikraftwerk (2008)
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The left-hand diagram in Figure 21-2 shows the merit order (MC). The demand (D) intersects
this theoretical supply curve at a single point. All power plants that offer power on the spot
market are on the left of this intersection point, whilst all extra-marginal power plants are on
the right of it. Since these extra-marginal power plants do not have any opportunity costs for
the spot market, they will supply power on the balancing power market. 175 The diagram on
the right in Figure 21-2 shows the balancing power market. The supply is comprised of all extra-marginal plants, whilst the demand constitutes the capacity demand (hmax ) and energy demand (ht).
Figure 21-2:

Spot market and balancing market
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If there was an incentive for WT operators that made supply on the balancing power market a
more attractive option than the RESA feed-in tariff or participation in the spot market, efficiency losses would arise. The merit order in Figure 21-3 (spot market) depicts a situation in
which WTs withdraw their supply from the spot market and offer it on the balancing power
market. In this case, the merit order moves left by the amount of wind power concerned, so
that a power plant with higher variable costs sets the price. On the balancing power market,
wind supply is located on the left of the residual merit order, which means that WTs would be
the first to be called upon if balancing power were demanded. However, if not all of the wind
energy is demanded in this case, additional system costs of the amount represented by the red
area would arise, as the conventional systems used here would generate electricity despite the
availability of wind energy. Consequently, the supply of wind energy on the reserve market
results in a deadweight loss.

175 where it is abstracted from the technical restrictions that only partial-load power plants (rotating reserve) can
provide power on certain markets, as this is the only way that the response speed of the power plants can meet
the technical requirements.
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Figure 21-3:

Supply of wind energy on the reserve market
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21.3.2

Negative balancing power

In the case of negative balancing power, only infra-marginal power plants or storage systems
with free capacity are taken into consideration. When negative reserve is called up, in theory
the power plants with the highest marginal costs should be throttled, as this will achieve the
biggest cost savings. In Figure 21-4, hmax represents the negative reserve that is available from
the most expensive infra-marginal plants. Normally, plant operators pay for call-ups on the
balancing power market, as they save fuel by throttling their plants. However, since it is not
possible to save fuel costs by throttling WTs, their potential is used as a last resort in the case
of negative demand. No costs are initially incurred due to the provision of reserve capacity by
WTs.
Figure 21-4: Supply of negative reserve
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At first sight, these basic economic considerations indicate that supplying balancing power by
means of WTs is not a sensible option. However, there are two special cases which show that
using WTs on the balancing power market can be economically advantageous.

21.3.3

Flexibility in the case of congestion

WTs can be throttled in the event of congestion caused by high infeed from renewable energies but too low a load in a contractual zone. These plants would then be entirely available for
the positive balancing power market to the extent to which they are throttled. Unlike the situation described above, no opportunity costs are incurred as the plants would still need to be operated with throttling anyway. The supply of balancing power by WTs without opportunity
costs only relates to provision during congestion.

21.3.4

Limits of flexibility in conventional power plants

The merit order represents a static view of supply and load at a particular point in time. Startup costs also need to be considered in the dynamic view. If these start-up costs are higher than
the costs of the wind power that is being "given away", it is more efficient to throttle the WTs.
Since the end of 2008, negative electricity prices have also been observed on the electricity
exchange in Leipzig. In this kind of scenario, TSOs must pay the power plant operators a tariff to shut down their power plants, as it is particularly difficult to provide negative balancing
power. In these situations, inflexible power plants operate at their minimum generation level
and barely have the technical ability to reduce power any further. Flexible power plants that
are able to reduce their power on the reserve market temporarily only offer negative balancing
power on the reserve market in this case, provided that they receive (at the very least) compensation for their losses on the spot market. For WT operators, however, these kinds of exceptional situations in which spot market prices are below zero do not present the same dilemma, as feed-in tariffs mean they are encouraged to generate electricity in all cases. This
market distortion leads to a lack of flexibility for negative balancing power on the reserve
market. It is possible to solve this problem by offering supply from renewable energy plants
on the reserve markets, for example. This special case is taken into account in the optimisation model.

21.4

Incentive compatibility of tariff rates for provision of balancing
power and balancing power call-up for renewable energy plants

21.4.1

Balancing power provision in the context of current legislation

With regard to the provision of balancing power within the context of the RESA, it is questionable whether the simultaneous sale of balancing power can be reconciled with the terms of
the RESA. In particular, problems may arise in connection with the prohibition of multiple
sale according to Section 56 Para. 1 of the RESA as well as the priority principle set out in
Sections 2 and 8.
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With regard to the provision of positive balancing power by the system operator, a portion of
the power is reserved and thus is not entitled to a tariff in accordance with the RESA. With
regard to the provision of negative balancing power and the simultaneous sale of electricity in
accordance with the RESA, Section 56 Para. 1 is not applicable, however, as the electricity is
not actually being sold multiple times;, the only additional thing to be sold is the option of
throttling. If the energy were actually reduced, the RESA tariff would no longer be paid and
the plant operator would lose its infeed tariff. Likewise, this optional agreement does not
breach the terms of the RESA's fundamental priority principle. Although the provisions on
exceptions outlined in Section 8 Para. 3 of the RESA do not apply in this case, nevertheless,
the optional agreement does not deviate from the provisions of the RESA at the expense of either the plant operator or the grid operator, which would constitute a breach of Section 4 Para.
2 of the RESA. In addition, the priority principle and the associated provisions on exceptions
only apply to situations where the renewable energy plant operator offers capacity that the
grid operator is actually willing to accept as a priority purchase. In fact, exercising this option
(even if only by one party) involves a lack of supply by the renewable energy plant operator.

21.4.2

Current policy debate

The latest revision of the RESA includes a direct selling option. In the month prior to the
event, operators decide whether they wish to receive a subsidy via the RESA in the following
month or sell their regeneratively generated electricity themselves. 176 In order to reconcile the
tariff difference addressed above, the legislative body reserves the right to guarantee an additional market premium by means of power to issue statutory instruments. This is currently
under discussion. By adopting this legal position, the subsidisation policy has taken on a similar guise to the Spanish system of subsidies, which has offered the possibility of choosing between a fixed feed-in tariff or a "selling option" since 1998. 177
Where this selling option is concerned, it is conceivable that some operators may decide to
widen the scope of their electricity selling by moving beyond the spot market to the balancing
power markets. However, this decision requires them to consider various business factors,
which in turn are based on the design of the market concerned. In some cases, the results obtained from weighing up these factors may not match up with what would be the ideal results
from an economic perspective. If so, it is worth considering some basic options for adapting
the market design.

21.5

Operator's point of view

In order to provide positive balancing power, a renewable energy operator must enable a
throttled plant infeed. Since the WTs provision of energy depends on the weather conditions
and thus cannot be freely controlled, it would be necessary to waste power that was initially
available in order to provide positive balancing power, due to the WT throttling described
176 Additionally, on 6th June 2008 the German Federal Council granted the responsible ministries the power to
issue a statutory instrument which enabled the TSOs to sell RESA power directly at wholesale, thus eliminating the vertical shift to retailers.
177 Royal Decree 2818/1998.
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above. Under the current renewable energies subsidy scheme, this action would result in a reduction in the subsidisation amount and thus would not represent a viable option for a renewable energy operator focusing on business aspects. However, it may lead to a more efficient
result in economic terms in cases where renewable energy operators supply positive balancing
power. Therefore, renewable energy operators are subject to the conditions of the balancing
power market that have already been described as well as their own business-related considerations. It would be conceivable for them to provide positive balancing power if the following condition could be met:
RESA tariff

LP + AP * p(AP),

(21-1)

or equation 21-2 in the case of direct selling
Spot price + market premium

LP + AP * p(AP),

(21-2)

where LP is the demand rate, AP is the energy price and p(AP) is the probability of balancing
power call-up, which is dependent on the energy price offered (as call-up corresponds to
prices offered in ascending order).
An operator would only be prepared to throttle its plant in order to provide positive balancing
power if the sum of the demand rate and an energy price weighted according to call-up probability was at least the same as the tariff which would be available as an alternative (in this
case, spot price + market premium; alternatively, RESA tariff).
The scenario is somewhat different where negative balancing power provision is concerned.
The provision of negative balancing power can be considered as free, as it does not incur any
additional costs if the plant concerned is equipped to carry out this activity from a technical
point of view. However, the negative balancing power call-up would need to be compensated
by at least the amount of the tariff lost (again, the spot price + market premium, or alternatively the RESA tariff), since this represents opportunity.

21.6

Potential for balancing power provision by biomass plants

The power fed in by biomass plants can usually be controlled more flexibly than comparable
large power plants, due to the lower number of turbines/motors and generators. For this reason, biomass plants are suitable for the provision of balancing power in principle, as they are
able to carry out relatively fast changes in capacity levels. However, this ability to navigate
high power gradients is limited to the partial load range in the case of steam biomass power
plants, as the external combustion process does not permit rapid start-up. Biomass plants featuring internal combustion in combined heat and power plants (CHPs) can be started up relatively quickly (cold or warm start). They are suitable for use as purely balancing power plants.
The generators used in CHPs are usually driven by petrol engines, although in some cases
they are also driven by pilot injection engines and micro gas turbines. The following figures
concerning possible start-up times and power gradients of CHPs vary according to the different CHP types and the load limit specifications defined by the operators.
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The start-up times of petrol engines to nominal power (cold start) are between 2 and 10 minutes for the majority of CHP types with petrol engines178. Starting up a special pilot ignition
diesel motor to its nominal power of 250 kW takes approximately 14 min 179. This duration
consists of 30 s no-load operation, 3 min synchronisation, 30 s warming up at 5% of nominal
power and 10 min ramping up. Regular shutdown takes 4 minutes, whilst rapid shutdown is
carried out instantly. A special small CHP which can be controlled quickly requires a total of
2.5 minutes for starting up to the nominal power180. This process consists of preheating, 10 s
starting, 5 s start-up phase, 60 s synchronisation, 30 s warming up and 15 s ramping up to the
nominal power. It takes 15 s for it to ramp down. Other biogas plants can be brought to their
nominal power within around 90 s, if the generators have already been synchronised with the
grid. 181
The start-up times of micro gas turbines are between 1 and 10 minutes182. A Capstone micro
gas turbine operated with biogas requires 3.3 min to reach its nominal power of 30 kW from a
cold start. 183 It reaches 90% of its capacity in around just 2.3 min. The control rate is around
0.2 to 0.5 kW/s, or 55 to 49%/min for ramping up and around 92 to 85%/min for ramping
down. During shutdown, the turbines have already stopped feeding electricity into the grid after just 26 s. However, the complete shutdown process takes around 10.5 min.
On average, CHPs fail three to five times a year due to a fault (i.e. not counting the times
when they are shut down for scheduled maintenance work). They are available for more than
95% of the time184. However, aside from faults affecting the CHP, biogas plants may experience other technical faults which have a negative effect on gas formation and therefore indirectly on electrical power. However, CHP availability is a key criterion with respect to shortterm failures during the conversion of biogas to electricity185. In the case of biomethane
CHPs, which draw processed biogas from the natural gas grid, faults are not relevant for gas
formation due to the fact that the gas grid carries out buffering for CHP operation.
Due to the requirement for a control band of +/- MW per unit, today's biomass plants may not
participate in primary balancing measures. However, all biomass plants in partial load operation and some CHPs (even during cold/warm starts) can participate in secondary balancing
measures, provided there is an appropriately controlled pool of plants in place. Minute-based
reserve power can be provided by all biomass plants during partial load operation and by all
CHPs during cold starts, provided an appropriately controlled pool of plants is in place.
Increasing the nominal power (e.g. by adding another CHP) and using biogas storage equipment enables biogas plant infeed to become more flexible, thus allowing balancing power to
be provided without the need to restrict the conversion of the biogas generated into electric-

178 Evonik-Power-Saar (2008)
179 Gerhardt (2009)
180 MSR-Elektronik (2008)
181 Wert Biogas (2010)
182 Hasche et al. (2006)
183 Setiawan (2005)
184 Suttor (2006)
185 Gerhardt (2009)
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ity186. This may increase the revenue of the plants. However, due to the national subsidisation
measures that are currently in place, plant operators do not receive any benefits from providing balancing power in this way, which is why they are not yet engaged in this activity.
Currently, the biogas storage capacity that the existing generation capacity offers is primarily
used to compensate for variations between gas production and continuous consumption by the
CHP. This means that the volumes stored are restricted to a level that permits up to 4 hours of
operation with the nominal power dimensioned for continuous operation. It is difficult to raise
the storage quantity above a capacity of 10 h due to the associated costs (currently around
€30-80/m³ raw biogas) and problems relating to approval regulations. Restricting the storage
capacity also means that the level of balancing power a biogas plant can supply is limited in
relation to the required duration of balancing power provision.
When biomass plants are connected to the natural gas grid and its storage function, this limitation only affects the combustion heat capacity available at the gas grid connection point.
Compared to the 0.04 TWhel storage capacity offered by today's electricity grid (particularly
relating to pumped storage power plants), the natural gas grid offers 220 TWhth, which corresponds to an electrical capacity of around 130 TWhel when gas is converted into electricity in
gas and steam turbine plants. Therefore, this grid represents an important source of mass storage, especially because the grid is being expanded to include an additional 65 TWhth187. In
the future, the high storage capacity of the natural gas grid may make it an attractive storage
option for renewable gas, which is obtained from renewable electricity by means of hydrogen
electrolysis and methanation. At present, biogas that has been processed into biomethane is already increasingly being fed into the gas grid on a local level, as rural areas only have a very
small number of purchasers for the heat generated from the conversion of biogas into electricity. By hydrogenating the CO2 separated out during methanation using renewable hydrogen,
the gas production of biomethane plants can be virtually doubled. If the product is fed into the
natural gas grid, it is possible to use the biogas for conversion into electricity by means of cogeneration, or as fuel for methods of transportation in appropriate locations (with the use of
heat).

186 K-Bonus (2009)
187 Sterner et al (2010)
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Aim:
This section shall look at the role of proven and new storage technologies in the context of integrating fluctuating infeed from renewable energies into the grid. It shall carry out a detailed
analysis of the prospects for adiabatic compressed air storage equipment, chemical batteries,
redox flow batteries, supercapacitors, hydrogen storage equipment with fuel cells, flywheels
and pumped storage equipment.
Methodology:
Firstly, a brief overview of the function and technical characteristics shall be provided for all
the technologies under consideration. Based on technical and economic parameters, it is already possible to derive certain implications for potential ways in which the plants can be operated. Using typical cost parameters, we can rule out less suitable technologies and identify
potentially suitable ones for further economic analysis.
Storage technologies can provide various means of enhancing supply in the network of conventional power plants and aid the integration of renewable energies. At times when wind
supply is high but load is low in the electricity grid, storage technologies may be able to collect surplus electricity and release it on the market at a later point in time. As a system service
provider, storage equipment is also able to offer a full range of services, from minute-based
reserve to secondary balancing and right through to frequency stabilisation.

22.1

Diabatic compressed air storage equipment

The technology behind diabatic compressed air energy storage (CAES) equipment has been in
use at Germany's Huntorf power plant since 1978. In the USA, there is also a large plant in
McIntosh, Alabama. In CAES power plants, air is first compressed and then conveyed to an
underground storage facility. When it is requested from storage, the compressed and cooled
air is expanded in a turbine by means of natural gas combustion.

22.1.1

Costs based on components

The biggest costs associated with diabatic compressed air storage equipment are the fixed
costs for the compressor, cavern and turbine, which in total amount to more than half of the
investment costs. The proportions of the total costs that the individual components account for
vary according to the plant configuration. In an example plant configuration, the costs for a
180 MW compressor are around 30 million EUR and around 15 million EUR for a 260 MW
turbine. A storage cavern which can accommodate 1 GWh of electricity requires investment
costs of around 20 million EUR. 188

188 Gatzen (2008).
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22.1.2

Technical configuration

The configuration of a CAES plant depends on the associated economic framework conditions. The ideal ratio of compressors to turbines varies according to the field of application
(regular electricity market, system services) and the market environment (spread between
peak and off-peak electricity prices). In Germany, EWI calculations based on historical spot
market prices have found this ratio to be around 1:0.7. However, it is conceivable that other
ideal ratios may apply in the future. The power plant in Huntorf uses compressors with a total
power of 62 MW, plus a turbine power of 320 MW and a storage volume of two full load
hours. With the right geological conditions, it would also be possible to construct a compressed air storage facility on a scale that enabled more than 12 full load hours. However, in
the case of an operating method that involves peak shaving and the provision of balancing
power, more storage is rarely an economical option, as the additional storage volume is only
called upon for a few hours during the year.

22.1.3

Technical parameters

The start-up behaviour of a compressed air storage facility is similar to the processes that take
place in a gas turbine, meaning that it can be used for even short-term electricity market products such as system services. The start-up costs are approximately the same as those of a gas
turbine and the equipment experiences little wear even after numerous start-up and shutdown
procedures. The efficiency of a CAES plant can be determined by calculating the ratio of the
electricity used for compression and the natural gas used to the electricity generated in the
turbine. Here, this results in an efficiency level of at least 50%. CAES plants meet the technical requirements for minute-based reserve markets. They may act as players on the spot market or as system service providers.

22.1.4

Geographical distribution of potential sites

Compressed air storage equipment can only be erected in sites offering the right geological
conditions. Salt caverns are better suited to short-term storage than aquifers, as the gas can be
extracted quickly and frequent charging and discharging cycles carried out more easily. Geographically, the study focuses on a strip of land spanning a distance of around 50 km along
the coast. Various salt domes are available both on the shores of and underneath the North
Sea. There are hardly any suitable storage locations in the Baltic Sea region. There is enough
compressed air storage potential to erect several 200 MW power plants. However, there is
also competition over land use with gas storage facilities. Such facilities are already in place
at several sites which would, in theory, also be well suited to compressed air storage. An challenge is large quantity of saturated brine that is produced when a storage facility is erected. It
can only be disposed of in salt or brackish water. If the storage facility is not erected near a
suitable body of water, a pipeline system for waste water must be in place throughout the construction process. This causes additional investment costs. Either a site must have access to
natural gas or a pipeline connection must be installed there in order to ensure additional firing.
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22.1.5

Evaluation

Diabatic compressed air storage equipment enables large quantities of energy to be temporarily stored on an intraday basis, with each plant offering a potential storage volume of several
GWh. Additionally, CAES plants can offer system services. A potential obstacle for economical operation of plants as peak shavers is the low level of overall efficiency they demonstrate (around 50%) when compared with the considerably higher levels associated with other
storage technologies (see below). A sensitivity calculation incorporating the parameters specified in Table 22-1 shall examine whether diabatic compressed air storage equipment represents a cost-effective option for achieving improved flexibility in the electricity generation
sector.
Table 22-1:

Examples of technical and economic parameters for diabatic compressed air storage equipment
Diabatic compressed air energy storage (CAES)

storage capacity in full load hours
storage capacity (MWh)
investment costs (€/kW)
charging capacity (MW)
discharging capacity (MW)
charging efficiency
discharging efficiency
unit efficiency
economic lifetime (a)

3
1000
550
150
300
60%

6
2000
600
150
300
60%

9
3000
650
150
300
60%

5
5000
750
150
300
60%

95%/77%

95%/77%

95%/77%

95%/77%

53%
40

53%
40

53%
40

53%
40

Source: Gatzen (2008)

22.2

Adiabatic compressed air storage power plants

Advanced adiabatic compressed air energy storage (AA-CAES) equipment is an advancement
on compressed air storage equipment. The heat created during compression is not dissipated,
but is instead contained in a heat storage facility. While generating electricity, the heat is returned to the compressed air, meaning there is no need for additional firing with natural gas in
the turbine. Therefore, the storage equipment demonstrates a higher level of efficiency of
around 70%.189 Additionally, AA-CAES power plants do not require a connection to the
natural gas grid. Adiabatic storage equipment can be installed in the same caverns at the same
sites used for diabatic storage equipment.
Although no plants have been set up as yet, specific projects for the development of an adiabatic storage power plant have entered the planning stages. There has already been extensive
research into the fundamental principles behind the technology, but heat storage facilities and
compressors of this type are still under development. There is still some uncertainty about
how adiabatic compressed air storage equipment will be run in practice.

189 See Gatzen (2008)
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22.2.1

Costs based on components

A cavern is required to set up a compressed air storage facility in this case too. The compressed air is stored in the cavern (in a salt dome in this example). The storage capacity in
MWh is proportional to the size of the storage facilities in m³. As is the case with caverns for
diabatic storage equipment, investment costs of around 20 million EUR can be assumed for a
plant with a similar configuration.
The steam turbines used for electricity generation are of the same standard as conventional
gas turbines, with the exception that their technology needs to be adapted in order to meet the
requirements of compressed air storage equipment. In principle, it is possible to apply the
same procurement costs for gas turbines of the relevant scale. As far as the compressors are
concerned, radial compressors are suitable for meeting the requirements that apply to the
high-pressure section of the compressor, while axial compressors are suitable for the lowpressure section.190 However, further technical developments are required in this area too.
The most significant costs associated with an AA-CAES power plant come from thermal storage. Even using the most cost-effective technology, heat storage with low storage capacity
(less than eight full-load hours) accounts for around 25% of the total investment costs. The
costs for thermal storage have an approximately linear relationship to the size of plant selected. Thermal storage equipment with mature technology for use in AA-CAES facilities is
not yet available; there is still some uncertainty concerning costs in the assumptions made for
this type of equipment. The example investment costs for an AA-CAES power plant shown in
Table 10 are based on research projects which have been completed. Based on the fact that
costs for individual components are currently higher due to a tight market, it is assumed that
they will fall again over the medium term. The configuration assumed for this example consists of a 260 MW turbine, a 180 MW compressor as well as storage capacity for four fullload hours (1 GWh).
Table 22-2:

Example of investment costs for an AA-CAES power plant

investment costs AA-CAES (€)
cavern
turbine
compressor
thermic storage
other costs
sum

20.000.000
15.000.000
30.000.000
55.000.000
70.000.000
190.000.000

Source: EWI

22.2.2

Technical configuration

The configuration of adiabatic compressed air storage equipment is flexible, as both the ratio
of turbine to compressor power and the storage capacity in full-load hours vary according to

190 Zunft 2005
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the market environment. Turbines are usually more powerful than compressors, as storage
discharge should be carried out faster than infeeding. Besides technical restrictions such as the
maximum compressor size, other factors which must be considered in determining the ideal
configuration of a plant include electricity price spreads, the balancing power market design
and other economic framework conditions. 191
In the dena II study, the storage configuration for the scenario analyses fulfils two key requirements:
1. Coverage of peak wind power (which could otherwise not be integrated) in 2020 by
means of sufficient compressor capacity
2. Guarantee of sufficient storage volume for integrating surplus energy in several successive hours without the possibility of discharging
Technically speaking, AA-CAES power plants are suitable both for peak shaving and for use
as a balancing power plant. Their start-up times are comparable with diabatic compressed air
storage facilities and enable operators to participate in the minute-based reserve market.

22.2.3

Evaluation

There is the potential for adiabatic compressed air storage technology to be made available
over the coming years. Although some components have already reached the requisite level of
technical maturity (caverns), there is still the potential for others (heat storage facilities, compressors, turbines) to be developed further.
Adiabatic compressed air storage equipment involves relatively low investment costs and offers relatively high levels of efficiency, low start-up and shutdown times and high storage
volumes, which enable compensation for fluctuations in generation. The reliance of this type
of technology on certain site conditions is not really viewed as a negative aspect, as storage
technologies should mainly support the integration of fluctuating wind infeed into the grid in
northern Germany anyway.

191 For guidance on this information, please refer to the EU-funded study “Advanced Adiabatic Compressed Air
Energy Storage” (ENK6-CT-2002-000611), which investigates the cost-effectiveness of various plant configurations.
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Table 22-3:

Examples of technical and economic parameters for an AA-CAES
power plant

Advanced Adiabatic compressed air energy storage (AA-CAES)
storage capacity in full load hours
3
6
9
storage capacity (MWh)
1000
2000
3000
investment costs (€/kW)
700
750
800
charging capacity (MW)
150
150
150
discharging capacity (MW)
300
300
300
charging efficiency
81%
81%
81%
discharging efficiency
86%
86%
86%
unit efficiency
70%
70%
70%
economic lifetime (a)
40
40
40

14
5000
900
150
300
81%
86%
70%
40

Source: EWI, Gatzen (2008)

Adiabatic compressed air storage equipment is seen as an alternative to grid expansion in the
context of model-based analyses of various scenarios.

22.3

Hydrogen storage equipment and fuel cells

Hydrogen storage equipment is still in the preliminary stages of its development for use as a
storage technology on an industrial scale. Currently, gas is obtained in comparatively small
amounts for industrial purposes, and mostly from natural gas or oil. Using a direct electrical
current, hydrogen can also be produced from water in electrolysers. Research work expresses
hope for the prospects of high-temperature electrolysis, as it consumes relatively little electricity - although the prototypes that have been created up to now only have a short life cycle.
Membrane electrolysers work with precious metals and are therefore very expensive. The
most widespread and cost-effective method used is alkaline water electrolysis, which is suitable for even large plants. Efficiency levels have risen over the past years and are currently at
60 - 70%. They are expected to rise further in the future. H2 production in electrolysers is ideally suited to storage equipment as it demonstrates a good level of partial load efficiency.
To convert the stored gas into electricity, it can be added to natural gas or processed in gas
and steam turbine plants as pure hydrogen. As far as the immediate future is concerned, fuel
cells are not suitable for large systems. Potential technologies such as polymer electrolyte fuel
cells (PEFC) or solid oxide fuel cells (SOFC) are extremely expensive and up to now have either only been tested on a small scale or are still undergoing development. 192

22.3.1

Costs based on components

The biggest costs associated with constructing hydrogen storage facilities are for the electrolyser. Whilst current costs amounting to around €1,000/kW should drop significantly due to
scaling effects, storage facilities of this type are still very expensive in comparison to other
technologies. As regards cavern costs, the same assumptions have been made as for compressed air storage facilities. This involves a lot less outlay in comparison to the compressed
air storage configuration, as the energy density of hydrogen is much higher than that of air.
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While compressed air storage equipment can store about 3 kWh/m3, hydrogen storage equipment can store 163 kWh/m3 (see Section 23.9.3).

22.3.2

Technical configuration

In the case of a gas and steam turbine plant used for reconversion, the overall efficiency level
of a hydrogen storage facility may only reach just under 40% - and that is when conditions are
ideal. 193 For the calculations in this study, an overall efficiency level of 32% was used, based
on earlier EWI studies194.
The configuration of hydrogen storage equipment is relatively flexible. The properties of the
technology make it particularly suitable for larger storage volumes during full-load hours.
However, the extremely low efficiency level means peak shaving is not possible. The investment costs need to be redeemed by means of other products. The areas of application for this
technology are more likely to be seasonal storage facilities than daily ones. Hydrogen storage
equipment is integrated into the model calculations with the specified parameters, as it is
thought to have a great deal of potential.
Table 22-4:

Examples of technical and economic parameters for storage equipment

Hydrogen Storage
storage capacity in full load hours
storage capacity (MWh)
investment costs (€/kW)
charging capacity (MW)
discharging capacity (MW)
charging efficiency
discharging efficiency
unit efficiency
economic lifetime (a)

2,5
1000
2300
300
300
0,7
0,45
0,32
10

5
2000
2350
300
300
0,7
0,45
0,32
10

12
5000
2450
300
300
0,7
0,45
0,32
10

24
10000
2700
300
300
0,7
0,45
0,32
10

Source: EWI, Gatzen (2008)

22.4

Pumped storage power plants

Pumped storage power plant technology has been available for several decades now and is
used around the world. At present, it still represents the only economical method of storing
electricity on a large scale. However, in Germany there is very little scope for its expansion as
either potential sites are already occupied or there is dispute over the ecological aspects of expansion. Decisions to expand the technology are made on the basis of political decisionmaking processes rather than economic ones and are therefore exogenously specified for the
model. This study only considers pumped storage capacities up to the year 2020 that are either
already under construction or can be expected as a result of repowering measures. Other projects that are intended to be completed by 2020 are at an uncertain stage in their development.
In order to establish what impact large-scale projects such as the Atdorf (1,400 MW) or Riedl

192 See Wietschel et al. (2010), p. 568 ff.
193 See Wietschel et al. (2010), p. 568 ff.
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(300 MW) pumped storage plants and other plants in Austria and Switzerland will have on the
operation of the transmission grid, a sensitivity calculation has been carried out (Section 14).
Table 22-5:

Examples of technical and economic parameters for pumped storage power plants

Pumped storage
storage capacity in full load hours
storage capacity (MWh)
investment costs (€/kW)
charging capacity (MW)
discharging capacity (MW)
charging efficiency
discharging efficiency
unit efficiency
economic lifetime (a)

4
1000
700
300
300
0,86
0,88
0,76
70

9
2000
750
300
300
0,86
0,88
0,76
70

15
5000
900
300
300
0,86
0,88
0,76
70

28
10000
1200
300
300
0,86
0,88
0,76
70

Source: EWI, Gatzen (2008)

22.5

Flywheels

Flywheels are used in mobile applications to store braking energy, for example. In trains or
cars, the energy released during the braking process can be stored in mechanical flywheels
and then released again in the form of electricity. When energy is needed, a flywheel acts as a
motor. Small applications have reached technical maturity, but larger plants are still expected
to undergo some further technical development.
The technology can be deployed flexibly and at very short notice. Since they are constructed
as a mechanical storage facility that does not use any chemical substances, flywheels can be
used for numerous charging and discharging processes without the system experiencing any
wear off. Flywheels with storage capacities of up to 100 kWh can be modularised to form systems with capacities of several MW. They achieve efficiency levels of more than 90%, but
discharge themselves rapidly (several percent per hour). The storage capacities of flywheels
are currently too low for industrial-scale applications, which is why they are not taken into
account in the model calculations.

22.6

Chemical batteries

Where smaller applications are concerned, a whole range of mature technologies are available
for chargeable batteries. Some types of batteries can even be used in industrial-scale applications: for example, lead and nickel cadmium batteries are suitable for use in double-digit MW
ranges. Systems of this type are already being used in large-scale island systems or for grid
services in the USA.

194 Gatzen (2008)
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Table 22-6:

Examples of technical parameters for selected types of battery storage
Lead acid

Maximum power
Charging cycles
Efficiency

Nickel-cadmium

Sodium-sulphur

> 10 MW

> 1 MW

500 to 1500

2500

2500

80%

70%

Up to 90 %

> 10 MW

Lithium-ion
> 10kW
>10.000
95%

Na-nickel-chloride
> 1000 kW
> 2.500
90%

Source: EWI, Gatzen (2008)

22.6.1

Technical and economic properties

Chemical batteries demonstrate extremely rapid response times: they can draw on their full
power within just a few milliseconds. They experience storage losses amounting to 5% of the
stored energy per month. The efficiency levels of chemical batteries are very high, in some
cases reaching more than 95%. However, the service life of a battery is reduced with every
charging cycle, meaning that, with regular use, it reaches the end of its technical useful life after three to twelve years. The investment made in a battery storage facility therefore needs to
have been redeemed within this time frame. With facilities that are dimensioned for one to
two full-load hours, investment costs amount to between 1,200 and 1,500 EUR per kW. As
such, batteries are considerably more expensive than compressed air storage facilities and also
have a much shorter service life.

22.6.2

Evaluation

Battery storage facilities are not very well suited to peak shaving: despite their high levels of
efficiency, the system will experience a high degree of wear if they are frequently charged
and discharged. Instead, applications where they are potentially suitable for use involve the
provision of system services or island operation. The provision of system services in this case
primarily relies on power provision; regularly drawing on the power will have just as much of
a negative effect on the service life as regular peak shaving. Thanks to their ability to draw
power rapidly, battery storage facilities can also be used for short-term balancing products.
Despite this, conventional battery storage facilities are unable to make a significant contribution to the integration of renewable energies and will therefore not be considered any further
in the model calculations.

22.7

Redox flow batteries

Redox flow batteries use technology that is available now and all the components involved
have reached technical maturity. Unlike conventional chemical batteries, they consist of a
converter and a separate storage facility, which makes configuration more flexible.

22.7.1

Costs and possible applications

Thanks to their extremely short start-up times, redox flow batteries are suitable for providing
balancing power. Although the high level of efficiency should permit peak shaving, the upper
limit on charging cycles presents an obstacle as each charging process has a negative effect on
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the service life. As with chemical batteries, one of the ways these batteries can potentially be
used is for providing power in the context of system services, although regularly drawing on
this power has a negative effect on service life. At more than 1,500 – 4,000 EUR per kW195,
the associated investment costs are still very high; however, there is potential for them to fall.

22.7.2

Technical properties

Since the battery is separated into converter and storage equipment, and due to the type of
storage equipment selected, this type of battery allows for considerably more charging and
discharging cycles than conventional batteries: over 13,000 cycles 196 can be performed. As
with conventional batteries, start-up times are very short: a system can be ramped up within
just a few milliseconds. These batteries can achieve efficiency levels of 80%.197

22.7.3

Configuration

The configuration of redox flow storage facilities is flexible: different combinations of storage
capacity and converter can be selected. Converters account for a relatively high proportion of
the investment costs, allowing for large storage equipment dimensions.

22.7.4

Evaluation

There are hardly any restrictions in respect of locations where battery storage equipment can
be set up. Thanks to their short start-up times, redox flow batteries are particularly suitable for
use as system service providers. However, the investment costs in industrial-scale applications exceed the costs of compressed air storage equipment to a considerable degree.
Table 22-7:

Examples of technical and economic parameters for redox flow battery storage equipment

Redow Flow Batteries
storage capacity in full load hours
storage capacity (MWh)
investment costs (€/kW)
charging capacity (MW)
discharging capacity (MW)
charging efficiency
discharging efficiency
unit efficiency
economic lifetime (a)

4
1000
2200
300
300
90%
89%
80%
10

9
3000
2300
300
300
90%
89%
80%
10

15
5000
2350
300
300
90%
89%
80%
10

Source: EWI, Gatzen (2008)

195 Wietschel et al. (2010), p. 574 ff.
196 Wietschel et al. (2010), p. 573
197 Sauer (2009)
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22.8

Supercapacitors

Supercapacitor technology is available now for smaller applications, but is still in the development stages for industrial-scale applications with an energy density of more than 20 kWh
per m³. Whilst conventional batteries can no longer be used after a few thousand charging cycles, the number of charging cycles that can be carried out in supercapacitors is far higher, at
well above 100,000. Due to the low energy density associated with them, supercapacitors
primarily have a role to play in mobile applications, which are not being explored here. With
an efficiency level of between 80% and 95%, they have low operating and maintenance costs.
Supercapacitors discharge themselves at high temperatures (> 85°C). The cost of constructing
a supercapacitor is currently around 320 EUR/kW, with the storage module accounting for
approximately 40% of this. We can assume that investment costs will fall by up to 50% with a
rise in energy density of 50 - 100%. However, supercapacitors are not available in the multiple MW range and will not achieve this in the medium term, meaning that they can only play
a secondary role in efforts to make the electricity generation system more flexible.

445

Model-based analysis of the electricity market to the year 2020

23

Model-based analysis of the electricity market to
the year 2020

The electricity market models for determining the scope of Germany's network of power
plants and how they are used have been refined on the basis of the previous section's focus
analyses relating to the enhancement of flexibility in the electricity system. In particular, this
has been carried out in order to account for load management and storage expansion opportunities as well as the potential contributions that wind power plants could make on balancing
markets. The models also take into account the flexibility of the network of conventional
power plants by means of maximum load gradients within the ranges that can be balanced in
the different power plant types. A certain amount of additional flexibility is provided by market-driven, cross-border flows of electricity, which are limited in the model by the expected
NTC values between Germany and its neighbouring countries.
The results of the simulation calculations form a basic scenario for the development of power
plant capacities and electricity generation to the year 2020. Building on this, the requirements
for additional transmission capacity in the German electricity system are estimated in Part II.

23.1

Basic assumptions relating to energy economics

The development of fuel costs, expansion paths for renewable energies and technical advancements cannot be predicted.It is not possible to foresee exactly what fuel costs will be in
the future, what expansion paths renewable energies will take, or what technical advancements will be made; Forecasts arethese aspects are highly dependent on whattheir assumptions are made in the case in question. For the purposes of this study, the fuel costs and expansion paths associated with renewable energies have been defined on the basis of policyrelated factors. Assumptions about technological developments are based on empirical values
and studies carried out by the EWInergiewirtschaftliche Institut (Institute of Energy Economics).

23.1.1

Expansion of renewable energies

Based on the RESA, it is assumed that there will be further expansion in the generation of
electricity from renewable energy sources. The installed capacity of onshore wind energy will
increase, but growth will slow down due to the saturation of good sites for onshore facilities.
It is expected that 37 GW will be installed by 2020. For offshore wind energy, it is assumed
that growth in capacity development will be stronger: by 2020, 14 GW of offshore wind energy capacity is assumed to be installed and it is likely that the installed offshore capacity will
continue to grow significantly after 2020.
The installed PV capacity shall also continue to experience considerable growth in the years
leading up to 2020: it is expected to reach 18 GW by this point. The installed biomass capacity shall grow to 6.2 GW by the year 2020, and geothermal power plant capacity is expected
to reach 280 MW. Figure 23-1 shows what developments are assumed for renewable energy
capacities.
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Figure 23-1: Developments in renewable energy capacities
Installed capacity of renewable energy

Onshore windenerergy
Offshore-Windenergy
PV
Biomass
Geothermal energy

year

23.1.2

Development in electricity demand

It is assumed that Germany's overall electricity demand is declining due to increases in efficiency. An 8% drop in net electricity consumption198 is assumed for the 2008-2020 period.
Figure 23-2:

23.1.3

Development in net electricity consumption to the year 2020

Prices for primary energy sources and CO2

This study assumes prices for primary energy sources and CO2 in accordance with the information in Table 23-1. It is assumed that the price of crude oil per barrel will rise to at least

198 Net electricity consumption = sum of electricity delivered to end consumers + consumption of industry from
self-sufficient plants – (power plants’ own consumption, pump energy, working losses during grid operation)
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$100 (2007)/bbl in real terms in 2020. The prices for gas and hard coal will also rise, whilst
fuel costs for lignite will remain constant in real terms up to 2020, at €1.4/MWth. 199 Due to
Europe's increasingly stringent CO2 quantity restrictions, it is assumed that the prices for an
EUA will increase in real terms to €37(2007)/t CO2 by 2020.
Table 23-1:
Primary energy prices
Actual prices in 2007
2010
2015
Crude oil [$/bbl]
80
90
Gas [ct/kWhth]
2.96
3.38
Hard coal [€/t coal equivalent]
114
105
Lignite [€/MWhth]
1.4
1.4
CO2 price [€/t]
29.4
34.29

23.1.4

2020
101.5
3.9
110
1.4
37.3

Prices for power plant investments

Prices for power plants are assumed to decrease over time. As shown in Table 23-2, prices are
maintained at a higher level up to 2014 for the purposes of the study.
Table 23-2:

Prices for power plant capacities

[€(2007)/kW]

Hard coal
power plant

Up to 2014
From 2015

1400
1260

23.1.5

Gas and
Lignite power
steam turbine
plant
plant
1600
800
1440
800

Gas
turbine
400
400

Flexibility in the German electricity market

The focus analysis dealt with flexibility through DSM, storage technologies and balancing
power capacities of wind power plants. . The results were taken into account when calculating
the future power plant investments in the reference scenario. There are also flexibility options
in conventional power plants. The most important parameters for modelling in this case are
the minimum loads of the power plants and the (maximum) load change speeds. The assumed
parameters can be found in Table 23-3.

199 The costs of lignite mining, which vary in short term, are relevant to power plant usage. These costs account
for around 30% of full lignite costs. A further 30 – 40% of full lignite costs (depending on power plant expansion) are long-term marginal costs associated with operating open mines. In the power plant model, these
are entered as fixed operating costs. The costs associated with exploring existing mines are sunk costs.
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Table 23-3:

Power plant flexibility

type of power plant
nuclear power plant
lignite- fired power plant (till 1990)
lignite- fired power plant (from 1990)

control range
45% - 55 % of capacity
30% - 40 % of capacity
50% - 60 % of capacity

coal-fired power plant (till 1990)
coal-fired power plant (from 1990)
gas-steam power plant
gas power plant

50% - 60 % of capacity
60% - 70 % of capacity
40% - 60 % of capacity
100% of capacity

23.1.6

load gradients
5% of capacity
/min
0,5%-2% of capacity/min
2% -2,5 % of capacity/min
1,5% - 2,5% of
capacity/min
3%-6% of capacity/min
3% - 5% of capacity/min
15% of capacity/min

Nuclear power phase-out

This study assumes a phase-out of nuclear energy in accordance with the legal regulations that
are currently applicable. The remaining quantity of electricity for the Mühlheim-Kärlich nuclear power station has been divided equally among the Gundremmingen B, Gundremmingen
C and Lingen nuclear power stations. According to EWI calculations, this results in a remaining nuclear power station capacity of 6,692 MW for the year 2020.

23.1.7

Exogenous expansion capacities

In addition to the currentlyoperational power plants, the plants that were under construction
up to 2008 are also taken into account as exogenous specifications. The result of the model
calculations indicates any further power plant expansion to the year 2020.
Table 23-4:

Assumed exogenous power plant expansion

exogenous capacities

23.2

lignite
2.740

hard coal
6.517

gas
850

other
190

sum
10.297

Methodology

Using economic optimisation models, the first step involves developing a basic scenario for
the year 2020, taking into consideration the framework assumptions that have been outlined.
This includes the estimate of capacities which will be installed in the future as well as the
power plant usage calculation by hour; the results are then incorporated into the grid calculations in Part II of the study. Figure 23-3 shows a diagram of the methodology used for determining the wind power that the grid will not be capable of transmitting in the year 2020.
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Figure 23-3: Steps involved in determining non-integrable power

The assumptions outlined above are parameterised for the purpose of determining the generation mix and power plant usage.

23.2.1

Long-term effects/Development of investments

In order to investigate the effects of an increasingly fluctuating wind infeed into the German
electricity system, as well as the economic potential of additional options for increasing flexibility, the first step is to use the DIME energy market model developed at EWI. DIME represents an advancement on the model used in the dena grid study I. It takes into account the
time-varying and stochastic wind energy infeed as part of an intertemporally optimising
model approach. The infeed curves for wind energy and the demand curves are taken into account sequentially. The existing power plants in Germany and its neighbouring regions are
divided into model classes, with certain properties assigned to each of these. The model calculates the economic efficiency of the individual power plant classes and forms detailed decisions about decommissioning existing and building new power plants.
The possibilities and limitations of flexibility in the electricity system are taken into account
in the modelling process. Effects on the conventional generation system are determined. Electricity exchange between the modelled regions is permitted within the framework of the expected NTC capacities. DIME calculates the lowest costs for expansion, dismantling and use
of generation capacities in the overall system.
The options for additional flexibility in the electricity system which are to be explored in detail (operation of proven and new storage technologies and balancing ability of renewable en450
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ergy plants) are also implemented in the DIME model. The optimisation model determines the
extent to which this flexibility affects investments and the use of power plants within the
scope of cost minimisation. The results of the calculations are output for the year 2020. To
solve the problem of residual value at the end of the time period being examined, modelling is
carried out up to the year 2050. For this purpose, the assumptions concerning fuel prices and
demand in Germany and its neighbouring countries are continued along a linear trend up to
2025 and then specified at a certain level.

23.2.2

Regionalisation of the generation system

A second step involves determining the scope of power plant expansions according to energy
sources by 2020, within the context of the basic scenario. For this purpose, firstly all the
power plants under construction in 2008 are considered to be existing power plants in the region concerned. Additional building projects by 2020 (according to energy sources) are part
of the results of the generation market model in the scenario (see Section 16).

23.2.3

Short-term effects/Determining dispatch

The DIANA energy market model developed at EWI is used for calculating the power plant
dispatch with hourly resolution in 2020. It builds on the results of the DIME model, but represents potential peak prices and extreme cases with much more accuracy thanks to its hourly
resolution. Using this modelling approach for the year 2020, time-varying stochastic wind energy infeeds are depicted in a sequentially optimising model approach. In particular, the optimum methods of operation of individual plants are influenced by start-up and shutdown times
as well as partial load losses in conventional power plants. The flexibility levels determined
are also implemented in the DIANA model and represented for the 8,760 hours in a year. In
addition to the generation system and corresponding model class capacities for the year 2020
taken from the DIME model, the infeed curves for renewable energies from Part I of the study
are also taken into consideration. The results of the BALANCE-WT model are incorporated
as parameters for the balancing power market. Balancing power call-up is determined on the
basis of empirical data and is scaled in proportion to balancing power provision.

23.3

Generation fleet and power plant dispatch results

Based on existing power plant fleet and those plants under construction, DIME determines the
requirement for power plant expansion up to the year 2020. Decommissioning measures
(based on economic optimisation) that are already scheduled and have been determined
endogenously in the model are deducted from the capacity. Figure 23-4 shows the costeffective result. Despite decreasing demand, installed capacity will significantly increase until
2020.
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Figure 23-4:

Generation mix development in Germany

Source: Own calculations

This is due to the strong development of renewable energies, in particular wind power. Supply-related generation from wind and solar sources must be secured through conventional
generation capacities in order to reliably achieve the expected annual peak loads. In the
model, this situation plus the specifications for extremely high fuel prices result in an expansion in lignite capacity. The raw material is not dependent on world markets and can therefore
be obtained cheaply from existing mines. Under the assumptions made with respect to fuel,
this cost benefit would outweigh the additional certification costs. However, burning lignite
produces particularly large quantities of gas that is harmful to the environment in comparison
with other types of generation.
The reason for the increase in hard coal capacities in cogeneration applications is the power
plants that are currently under construction. The drop in the proportion of gas power plants
can be explained by the high gas prices specified. Additional modern gas power plants are being installed, but since many gas power plants with older technology are expected to be decommissioned during the same period for economic and age-related reasons, the capacity of
these plants will fall considerably in absolute figures. The flexibility that can be provided by
these power plants shall in part be taken on by new lignite and hard coal power plants that
feature modern technology and comparatively fast response times.
Based on these capacities, two-thirds of all electricity will be generated by nuclear, gas- and
coal-fired power plants in 2020. The share of wind energy in electricity generation increases
from 7% to 27% between 2008 and 2020. Based on an assumed cogeneration quota amounting to 25% of net electricity consumption, the quantity of electricity produced by cogeneration in this scenario will reach a total of 130 TWhel. 200 in 2020. In order to meet this quota
(specified by policies) by means of cost-effective generation in large power plants, it would
be necessary to expand both the use of process heat and district heating networks in Germany
to a considerable degree.
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Figure 23-5:

Electricity generation mix in 2020

Source: Own calculations

Within the scenario, there is an increase in net electricity exports to European countries outside of Germany via coupling stations. This is mainly the result of the assumed large decline
in electricity consumption in Germany plus the significant expansion of renewable energies.
The effect of nuclear energy phase-out on a national scale (which encourages electricity imports to Germany when CO2 prices are high) is overcompensated in the scenario.

200 Cogeneration electricity quantity acc. to FW 308 and FW 309, with EU guidelines on the definition of cogeneration electricity taken into account.
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Table 23-5:

Electricity generation and power plant capacities - basic scenario

Net electricity generation in TWh

2005

2010*

2015*

2020*

PS consumption
Imports/exports

-9.5
-8.5

-11.7
-22.8

-11.9
-42.0

-12.5
-52.0

Water
Wind
PV
Biomass
Other renewables (incl. waste)
Nuclear energy

28.5
27.3
1.3
7.4
11.5
154.6

29.6
63.5
4.4
27.0
12.0
121.5

31.1
104.7
11.4
37.1
12.9
97.2

31.8
139.0
15.8
43.4
14.6
47.1

Lignite

141.6

148.9

125.0

149.2

of which cogeneration

n.a.**

7.3

7.5

7.2

Hard coal

123.1

107.5

120.8

89.5

of which cogeneration

n.a.

13.1

28.0

55.7

Natural gas
of which cogeneration

79.1
n.a.

74.3
54.3

54.6
44.3

53.2
51.3

Total

556.4

554.0

541.0

519.0

* Model result
**n.a. = not available
Net capacities in GW

2005

2010*

2015*

2020*

Water
of which run-of-river and water storage

12.1
5.4

13.7
5.5

14.2
5.8

of which pumped storage equipment
Wind, onshore
Wind, offshore
PV
Biomass
Other renewables (incl. waste)
Nuclear energy
Lignite
of which cogeneration
Hard coal
of which cogeneration
Natural gas
of which cogeneration

6.7
18.4
0.0
1.0
1.5
3.1
20.4
20.4
n.a.
27.2
n.a.
26.6
n.a.

8.2
28.2
0.0
5.0
3.9
3.2
16.5
21.7
11.2
24.4
14.0
20.0
8.2

8.4
34.1
7.0
13.0
5.3
3.5
13.3
21.0
12.0
31.0
18.9
16.6
7.3

14.2
5.8
8.4201

Total

130.7

136.6

159.0

162.2

CO2 emissions from electricity generation
in million t

311.2

313.2

283.8

238.6

37.0
14.0
17.9
6.2
3.5
6.7
24.3
12.0
20.4
11.2
18.0
7.2

Source: Own calculations

201 In the PSW sensitivity variant, this value rises to 10.2 GW between 2015 and 2020.
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23.4

Implementing DSM processes in the DIME electricity market
model

In the DIME model, the considered processes and applications are aggregated to form representative processes that similar to the modelled vintage classes on the power plant side can be
used on spot and balancing energy markets, with respect to process-related constraint.. As
such, two new types of "power plant" technologies are taken into account for the purpose of
implementing DSM measures. The following classes apply:
•

DSM for load shifting

•

DSM for load reduction

The load curves of the individual demand processes are implemented here. Based on these
load curves, additional electricity can be provided on the markets by means of shedding or
shifting loads. The individual processes are in competition with each other and with the generation units and storage equipment, and are used at least costs possible. The decision concerning usage at the demand side has a direct effect on market prices as well as on optimum
usage and the economic efficiency of other technologies. The plants that are currently prequalified and the technical potential for the individual processes are implemented in the
model.
The key question in this investigation is which economic potential can be achieved by 2020,
and what effect this will have on the electricity market and balancing power demand. To determine this, investments in new technologies in the demand sector are also modelled. With
given potential, an investment is expanded endogenously in the model if the capital value of
the investment is positive. The DSM objective function to be minimised consists of the present value of all DSM costs incurred within the optimisation time frame. The cost elements
taken into account are annual investment costs for changing the load, fixed operating and
maintenance costs, and variable costs for load increase and reduction in processes and applications. Costs are also incurred (or savings made) for calls of balancing power (see Section
20.3).
Table 23-6 lists the parameters taken into account in the analysis.
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Table 23-6:

Parameters taken into account

Basic data for each of the processes
Current consumption in reference year
Installed load
Average load/Average call-up potential
Proportion of DSM-compatible electricity consumption
Proportion of demand that can be technically shifted
Data relating to storage in downstream processes
Loss as a result of storage usage
Seasonal fluctuations in storage capacity (e.g. as a result of temperature variations)
Technical restrictions on storage duration
Storage capacity in MW per installed MW
Max. hourly capacity for recouped processes in MW per MW of shedding capacity
Capacity already installed
Cost data
Costs for central connection (smart meter)
Costs for control boxes, measurement devices and temperature sensors for balancing power
Lowered investment costs as a result of national introduction of smart meters
Annual fixed costs
Variable costs for load shedding
Variable costs for load shifting
Variable costs for balancing power provision
Annual cost reduction (learning curves)
Service life
Amortisation period
Technical properties of processes
Sectoral electricity demand
Sectoral development
Possibility of load recouping
Limits of storage usage
Balancing power capacity
Technical restrictions on frequency of use
Technical restrictions on frequency of balancing power supplies
Temperature-related change in demand structure
Potential for load shifting in relation to the useful life of the processes
Restrictions during shifting
Hourly and seasonal load profiles for shedding and shifting potential
Max. development of new areas of DSM potential per year
Promotion policies
Number of subsidised smart meters per year
Type of subsidy
Type of smart meters installed (balancing power capacity, bidirectionality, load measurement
frequency)
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23.4.1

Model-based analysis of economically useable DSM potential

The focus of the model-based investigation is on the question what DSM potential can be
made accessible - by 2020 in economic terms, and what effect this has on the electricity market and balancing power demand. The next section shall look in particular at expanded DSM
capacity, the reserve capacity and reserve power supplied on the tertirary reserve market, and
the change in overall costs of electricity generation caused by DSM in Germany. 202
23.4.1.1.1 Expanded DSM capacities in households and energy-intensive industries
Figure 23-6 shows the endogenously expanded DSM capacities for industry and households
from 2010 onwards. It should be noted that by 2010, virtually the full technical DSM potential available for energy-intensive industries has been opened up. The slight increase in DSM
capacities that occurs from 2010 onwards can be ascribed to changes in technical potential
(e.g. as a result of industry migration or changes in energy intensity in each of the processes
concerned). The capacities shown for the energy-intensive industries are, in principle, available for the provision of reserve power. However, it is important to point out here that the installed capacity alone does not allow conclusions to be drawn about how much energy is exchanged via reserve markets and the spot market.
In contrast to the huge expansion in capacity in the industrial sector, only a very small amount
of DSM potential is opned up into in the household sector (see Figure B-0-11). This is because the household sector is normally associated with high specific investment costs due to
its fragmented applications with low individual capacities. This significantly restricts marketdriven expansion of DSM capacity by 2020. Only small DSM capacities in the form of night
storage heaters, electric hot water generation and heating circulation pumps are opened up.
Here, night storage heaters have the highest specific capacity per investment, meaning that the
investment costs per installed MW are low in comparison to other applications in the household sector and that the capacity of night storage heaters should thus ideally be opned up. Additionally, heating circulation pumps are the only load reduction applications in the household
sector. Although they do require significant investment costs, no variable costs are incurred in
the form of opportunity costs for lost revenue or benefits, making investment in this type of
technology an attractive option.

202 In the reference scenario, DSM potential is only considered for the tertiary reserve market, as DSM does not
meet the current specifications for the primary and secondary reserve markets. In the more detailed scenarios
in the Appendix, it is assumed that secondary reserve and, where applicable, primary reserves could also be
supplied by means of DSM following an adjustment in the pre-qualification requirements. These more detailed scenarios thus represent an optimistic viewpoint.
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Figure 23-6:

DSM capacities expanded endogenously in the model in industry
and households for spot and reserve markets, from 2010 onwards
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23.4.1.1.2 Reserve capacities and regulating power of DSM measures on the tertiary reserve market
Figure 23-7 shows the average supplied reserve capacities of the individual DSM processes,
as well as the call-up probability levels for reserve power in 2020. It should be noted that
while energy-intensive industrial processes such as chlorine-alkali electrolysis, aluminium
electrolysis, electric steel production and cement milling do offer considerable levels of reserve capacity, practically no reserve power is drawn from them due to the very high variable
costs associated with these processes. The bid strategy of energy-intensive industrial processes is based on low to moderate capacity prices and very high energy prices.
In contrast to the industrial processes referred to above, mechanical wood pulp production has
very low variable costs, as it is able to shift its load cost-effectively by up to 24 hours. Therefore, mechanical wood pulp production is the only industrial application where (negative) reserve power call-ups, i.e. an increase in load, can be observed. The associated load shedding
is performed on the electricity spot market. However, on the whole this process demonstrates
limited economic potential due to technical restrictions such as low storage capacity and storage duration, for example.
In the household sector, only night storage heaters and electric hot water generation appear on
the tertirary reserve market. They offer negative reserve capacity specifically during off-peak
hours. Despite negligible variable costs, however, the call-up probability is only 5% for negative balancing power (see Figure 23-7).
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Figure 23-7:

Average reserve capacity supplied by DSM processes in 2020 plus
probabilities of balancing power call-up
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In total, also 17 MW worth of heating circulation pumps arebe made available for DSM purposes by 2020. These are purely load reduction processes and thus do not need to recoup the
load later on. By 2020, however, heating circulation pumps appear on the electricity spot
market alone, where they shed a total of 99 GWh.
23.4.1.2

Change in overall costs of electricity generation due to DSM

Figure 23-8 showsthe changes that will take place in key electricity market parameters by
2020 as a result of DSM. Around 60% of the demand for positive reserve capacity is covered
by DSM, whilst only around 2% of the demand for negative reserve capacity is covered. Due
to the high variable costs of DSM processes, the actual amount of positive/negative balancing
power drawn remains very low. Together, load shifting and load shedding make up less than
1‰ of the gross electricity demand in Germany less power plants' own consumption. Slight
reductions in the cumulative overall costs and in the volatility of the base price can be observed. It is interesting to note that the base prices in Germany rise marginally. This is because the merit order of electricity generation in Germany is only partially convex; i.e. a load
reduction does not lead to a price reduction to the same extent as a later load increase leads to
a price increase. Nonetheless, overall system costs are lower, as load smoothing eliminates the
need for investments in peak load power plants.
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Figure 23-8:

Overview of key changes in market parameters due to DSM in Germany
in 2020
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Figure 23-9 shows the cumulative change in the overall costs of electricity generation in
Germany by 2020 as a result of DSM measures. The savings made amount to
€481 million2007, or around 0.3% of overall costs during this period. The majority of savings
are made as a result of a reduction in investment costs. These costs are lower as the demand
for peak load power plants is reduced due to load smoothing, which eliminates the need for
investments in these technologies. The drop from €342 million2007 by 2020 corresponds to
around 800 MW of saved gas turbine capacity.
Figure 23-9:

Distribution of cumulative cost savings in the German electricity generation sector as a result of DSM between 2007 and 2020
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23.4.2

Summary

The technical capacity for demand side management in the examined household applications
and energy-intensive industrial processes is only utilised to a limited extent by 2020, meaning
that it does not offer extensive potential for integrating renewable energies into the German
electricity market within this time frame.
In particular, the high opportunity costs in energy-intensive industries plus the high investment costs for household applications present an obstacle to the economic efficiency of DSM
measures. However, it should be noted that in the household sector the development of investment costs is highly dependent on the underlying learning curves. Higher learning rates
may lead to considerably more intensive use of DSM in households by 2020 - but since it is
questionalble how higher learning rates of this type can be put into practice, it cannot be assumed that this will happen within the context of a reliable forecast. A more intensive investigation based on a wider range of technologies with different legal framework conditions can
be found in the annex of this study.
Cost savings as a result of DSM remain low until 2020 and can mainly be ascribed to the provision of positive reserve capacity by industrial processes. The use of DSM processes on the
balancing power market enables around 800 MW of capacity to be saved for peak load generation (e.g. in the case of gas turbines) so that considerable investment costs can be avoided..

23.5

Increasing flexibility by means of wind power plants that can be
balanced
23.5.1

Illustration of balancing power provision by WTs

Renewable energies are incorporated into the modelling process as exogenous parameters.
They are not expanded endogenously in the model by means of optimisation, and the model
cannot determine the optimum method of operating renewable energy plants. Rather, electricity from renewable energies is fed in as a priority according to current practice under the
RESA, and a residual load that must be covered by conventional power plants is determined.
The additional possibility of marketing the natural supply of wind energy on the balancing
power market is now included in the DIME model for the conventional generation system. As
part of optimisation, the model can determine whether the renewable energies should be used
to reduce the load or whether they should also be made available on the balancing power
market. Consequently, the model does not produce any real costs, only opportunity costs. If
the capacity is provided on the balancing market, more energy must be provided by conventional power plants as a result of the increased residual load.
In order to provide positive balancing power, the wind power capacity generated must be reduced so that the capacity output can be increased in the event of call-up. In order to provide
negative balancing power, the relevant amount of scope for reducing the wind power capacity
concerned must be specified for the possibility of call-up. Therefore, when it comes to providing positive and negative balancing power at the same time, it should be noted that the scope
for providing negative balancing power declines to the same extent as the wind power for
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providing positive balancing power is reduced, and vice versa. The more negative balancing
power is provided, the smaller the quantity of positive balancing power that can be provided
by a prior reduction in capacity. Figure 23-10 shows this relationship clearly: the total of the
positive and negative balancing power provision is limited by the maximum possible reduction in wind power capacity. The extent of this reduction is taken into account in the modelling process by means of the extent to which the plants can be balanced.
Figure 23-10:

Limitation of balancing power provision by WTs
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23.5.2

Results

The result in the economic optimisation model shows that positive balancing power should
only be provided by wind power plants in particular situations, such as when there is a combination of high wind power infeed, low load and a high load gradient. The model identifies
situations of this type in 2020 at night. Other balancing power is provided by conventional
generation capacity in this case. Figure 20 shows the proportion of total balancing power that
renewable energies provide.
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Figure 23-11:

Positive balancing power provision, winter 2020
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The optimisation results show that negative balancing power in 2020 is predominantly provided by wind power plants, as no costs are incurred as a result of this:
Figure 23-12:

Negative balancing power provision, winter 2020
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In the dynamic view of negative reserve provision, short-term throttling of wind power plants
may reduce system generation costs: conventional power plants may only be operated at partial load to a limited extent in order to compensate for fluctuations on the markets. A further
reduction would lead to individual power plants shutting down and, therefore, to extended
downtimes during which the plants would not make any profit. Even today, negative prices
463

Model-based analysis of the electricity market to the year 2020

are appearing on the spot markets as result of this: power plant operators are prepared to pay
money temporarily at times of low load in order to prevent the need to shut down their plants.
The model includes the fact that wind power plants may provide balancing power at such
times. This phenomenon cannot be fully explained by the static view of the merit order in
Section 23; instead, it is a result of the lack of flexibility demonstrated by large generation
plants in the dynamic view.

23.6

Flexibility through storage
23.6.1

Economic efficiency of storage facilities

A broad sample of the various types of storage technology was examined with a view to their
potential contribution to the integration of renewable energies into the German electricity grid
during the years leading up to 2020. The analysis showed that chemical batteries, supercapacitors and flywheels will not play a major role due to their technical/economic parameters. Diabatic and adiabatic compressed air storage facilities, redox flow batteries and hydrogen storage facilities were implemented as an expansion option in the electricity market model for the
period leading up to 2020. The model-based investigation takes into account the fact that storage facilities can obtain revenue on the spot market through load smoothing, which they do by
charging during off-peak times (valley filling) and discharging during peak times (peak shaving). It also takes into account the fact that storage facilities obtain revenue on balancing
power markets through the provision and drawing of balancing power.

23.6.2

Results

Despite increasing volatility in residual load and the associated peak/off-peak electricity price
spreads, a cost-efficient scenario does not involve expanding the relevant storage technologies
endogenously in the model during the period leading up to 2020. Even after the additional
wind power infeed has been taken into account in the context of the scenarios, the price signals on the German electricity market are not (yet) sufficient to place new - and relatively expensive - storage technologies on the market.
After 2020, it is expected that electricity market volatility will increase further as a result of
the anticipated rise in WT capacity. Expanding storage facilities can represent a beneficial
flexibility option under these circumstances. The local significance of storage facilities in easing regional congestion is also a key point that is investigated in Part II of the study. In particular, this estimates the extent to which storage facilities could represent an alternative or
addition to grid expansion.
Since the expansion of pumped storage facilities is less dependent on installation costs than
on geographical and political parameters, the model does not specify endogenous expansion.
At the time when the parameters for the study were established, only a few repowering projects were definitively planned and incorporated into the reference analysis.
An additional sensitivity analysis takes into account pumped storage plants in southern Germany, Austria and Switzerland that have only recently entered the planning stages. Capacity
in Germany is being expanded exogenously by 1.7 GW thanks to the 1,400 MW power plant
in Atdorf, which is scheduled to start operations in 2019, the envisaged 300 MW power plant
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in Riedl and the 45 MW expansion in Blautal. Approximately 2 GW and 3 GW are being
added in Austria and Switzerland respectively; these countries also have a number of projects
that are currently in an uncertain stage of planning. Most are not due to commence operations
before the end of 2015. In the logic governing the model, this huge increase replaces (to a
similarly large extent) gas power plants that were previously required for covering peak loads.
Since all of the power plants are located south of the expected congestion within Germany,
there would be another considerable increase in transmission power requirements if all the
power plant projects were to be carried through.

23.7

Costs of wind integration

To estimate the cost-related effects of wind power on the German electricity system, the feedin tariff amount to be paid in 2020 is firstly determined and compared with the feed-in tariff
amount that is paid today. In the reference year 2008, a feed-in tariff for wind power amounting to 3,561 million euros was paid for a total electricity quantity of 40,573 GWh. This corresponds to an average tariff of €87.7/MWh. Due to the reduction specified in the RESA, the
feed-in tariff for existing plants shall decrease, although the tariff rate for new onshore wind
farm projects was increased in the RESA amendment 2009. To make an approximate estimate
of the tariff, today's average tariff is assumed for onshore plants. According to RESA Section
31 (2), the tariff to be applied is 13-15 ct/kWh. Based on the assumed capacity and the utilisation recorded in wind year 2007, this would result in an overall tariff for electricity from wind
power of 15,140 million euros.
To determine the energy efficiency value of wind electricity (the generation system costs
avoided by using wind electricity) plus the CO2 prevention costs of wind electricity in 2020,
an expanded scenario calculation is carried out for the same time period. As part of this, the
amount of wind energy is "frozen" at the 2008 level in order to quantify the additional costs in
the generation system203. Source: EWI shows the types of electricity generation replaced by
additional wind electricity. Electricity generated from coal-fired power stations as well as
electricity imports are primarily replaced, whilst electricity exports are encouraged. 204

203 This takes into account fixed and variable costs in the generation system, but not grid costs.
204 It is assumed that neighbouring countries are able to take up wind-based electricity exports. In this respect,
more detailed investigations such as those in the current EWIS study into European transmission system operators are required.
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Table 23-7:

Electricity generation replaced by wind energy

Electricity generation replaced by wind
energy
Wind

+99 TWh

Hard coal

- 42 TWh

Lignite

- 20 TWh

Gas

1 TWh

Nuclear

-2 TWh

Exchange balance

-38 TWh

Source: EWI

The additional wind electricity results in cost savings in the conventional electricity system.
These savings are separated into variable costs, fixed operating costs and capital costs, as
shown in Table 23-8. This primarily avoids fuel costs but also capacity-related costs, due to
the required conventional back-up capacities. In total, costs amounting to €77 per MWh
(nominal) shall be saved in 2020. Assuming an average tariff of €127/MWh in 2020, the net
costs of wind energy in the generation system shall be €50/MWh (nominal) in this year. 205
Table 23-8:

Cost savings due to and feed-in tariffs for wind electricity in 2020

System costs
Variable cost saving per MWh of wind electricity

€49.22/MWh

Fixed operating cost saving per MWh of wind electricity

€0.62/MWh

Capital cost saving per MWh of wind electricity

€10.58/MWh

Start-up costs of conventional power plants

€-0.81/MWh

Total cost saving per MWh of wind electricity (real, €
2007)

€59.61/MWh

Total cost saving per MWh of wind electricity
(nominal)

€77.12/MWh

Average feed-in tariff per MWh of
€127.10/MWh
wind electricity (nominal)
Feed-in tariff cost saving (nominal)

€49.98/MWh

Source: EWI

The net costs of wind energy are accompanied by savings in CO2 emissions in the electricity
generation system. A reduction of 590 kg CO2 per generated MWh of wind energy in 2020 results in (real) CO2 prevention costs of €66(2007)/t CO2. This is compared to a CO2 price of
205 Redispatch costs are not included in these calculations.
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€37(2007)/t in the scenario examined in this study. DIME calculates the change in electricity
generation in the entire European system. The CO2 intensity of the entire electricity mix replaced in Europe is below the CO2 intensity of the mix of electricity generated that is replaced in Germany. Due to the additional wind, there are changes in both the generation in
and the exchange balances between the individual nation states. Additional wind in the German system thus leads to a replacement of the thermally generated electricity quantity with an
average CO2 intensity of 590 kg CO2/MWh. This would mean that a total of about 60 million
t less CO2 would be emitted within the context of Europe.

23.8

Electricity prices for end consumers

The overview in Table 23-8 shows that the payments for the feed-in tariff are higher than the
savings in the electricity system.
To quantify the influence on the electricity prices for end consumers in the scenario, a competitive wholesale market and, therefore, marginal cost pricing are assumed. There is also a
considerable increase in exchange prices due to high fuel costs. In 2015, the average base
price calculated is €60.50(2007). Assuming that demand is falling and taking into account the
rising wind electricity infeed, prices on the wholesale market in 2020 shall be around
€58(2007).
As non-privileged consumers, in 2009 households used around 25.5% of electricity according
to data from the BDEW (German Energy and Water Association). 206 This percentage was
adopted unchanged up to 2020. Additionally, the percentage attributable to the trade and services sector was taken into account as a constant value of 22%. According to RESA grid accounting from past years, on average around 14.5% of electricity consumers were privileged
and did not need to pay for RESA allocation.
Provided the RESA allocation calculation does not change, the allocation amount shall only
increase slightly at the high base prices specified. According to these calculations, in 2020 it
shall reach approximately 2.5 ct/kWh. Levels of electricity tax and concession levies were assumed to be constant, with cogeneration allocation rising slightly each year from 2011 onwards. 207 Value-added tax was specified as 19%. Grid fees depend on the relevant scenarios
relating to grid expansion. In the base scenario, they would rise from 5.8 ct/kWh to 6 ct/kWh
for household consumers. In the most expensive scenario calculated, they would amount to
6.3 ct/kWh.

206 BDEW: Energiemarkt Deutschland, Zahlen und Fakten zur Gas-, Strom- und Fernwärmeversorgung
207 This assumption is based on a forecast by the four German transmission system operators, which can be
found at www.eeg-kwk.net
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Figure 23-13:

Components of electricity price for household consumers in 2020
(basic scenario)

Source: EWI
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23.9

Storage facilities for supplementing grid expansion measures

In the reference case used in this investigation, electricity prices on the German domestic
electricity market do not fluctuate significantly enough for storage to be an economical option. In this case, the modelling process assumes a uniform German market where electricity
can be freely traded on the exchange. However, the expansion of wind power plants in the
north will result in congestion in the German grid in the medium term, something which is already presenting transmission system operators with a challenge (Section 12). Storage facili468
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ties could capture electricity at the boundaries of these areas of congestion and then provide it
during periods when there is no congestion. This would enable them to contribute to the integration of renewable energies.
The DIANA energy economics model was used to identify areas of congestion. Taking into
account the specified generation capacities, DIANA determines the power plant dispatch with
hourly resolution on the German electricity market for the year 2020. According to the current
design of the German market, congestion is not taken into account for this purpose; only the
variable costs of generation are considered. The wind infeed curves from the IWES calculations (see Section 7) are implemented in the model for this study. Imports and exports to
neighbouring regions are possible; all the potentials for DSM specified earlier are also integrated into the calculations.
The results of the dispatch model were processed in the region-specific grid models of the
transmission system operators in accordance with the procedure described above. Congestions
in the grid flows were calculated. The non-transmissible power levels were quantified for
three cases: a basic scenario with the existing grids and the anticipated expansions up to 2015
according to the dena grid study I; a "TAL" scenario which assumes that the routes are
equipped with high-temperature cables; and an "OLM" scenario in which overhead line monitoring is assumed for the modelled lines. High-temperature cables and overhead line monitoring enable the grid to transmit more power without the need to install additional routes or
lines.
The three scenarios are used to identify the areas of transmission congestion at the boundaries
of the investigated regions (22, 81 and 83; Figure 23-15).
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Figure 23-15:

Diagram of regional boundaries in the German transmission grid
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In Figure 23-16, the load duration curves for non-transmissible power are represented by
transmission line cross-sections 1 – 5. These are the result of the basic scenario without overhead line monitoring or high-temperature cables.
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Figure 23-16:

Duration curves for non-transmissible power at the boundaries of
the regions
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To find out the extent to which storage facilities could help mitigate these areas of transmission congestion, the next step involves specifying exogenous storage capacities for the
DIANA model. The dimensions of the storage facilities are based solely on the nontransmissible power levels. Non-transmissible power is specified for the plants as an exogenous inflow. The release of this stored energy is modelled on a market-driven basis: the storage facilities provide power at times when the electricity price is high, depending on their
specified power levels and the free grid capacities.
For storage modelling, the non-integrable quantity of electricity is first analysed with regional
differentiation. Each storage facility is dimensioned so that the total non-integrable quantity of
electricity can be stored in the congested zones. If non-transmissible power levels arise within
several consecutive hours, it must also be possible to store these additional amounts. Two options for bypassing the areas of congestion are examined. Firstly, the non-integrable power is
stored with 100% in the storage facilities, provided at no cost, the second option assumes grid
expansion of 50% of the missing capacities, with the remaining non-integrable power stored,
again at no cost The amount of power to be stored therefore drops considerably, as the times
during which electricity cannot be released occur much less frequently.

23.9.1

100% integration through construction of storage facilities

Table 23-9 shows the storage facilities required for 100% integration of non-transmissible
power by means of storage facilities.
Table 23-9:
Storage location
22
81
83
Source: EWI

Storage dimensioning for 100% storage
Available pump and generation capacity (GW)
7.4
1.3
4.2

Amount of energy
(GWh)
457
11
1085

In total, 13.1 GW of storage with an energy content of 1.5 TWh are required to fully integrate
renewable energies into the German electricity system. Some transmission channels operate
permanently at maximum capacity. This requires a large amount of energy to be stored
throughout an entire season (autumn).
Additional grid calculations are carried out in order to quantify the relieving effect that hightemperature cables and overhead line monitoring have. Even under these conditions, the nontransmissible power is in the TWh range.
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Table 23-10:
Storage location
22
81
83
Source: EWI

Table 23-11:

Storage location
22
81
83
Source: EWI

23.9.2

Storage dimensioning with 100% storage, with OLM taken into account
Available pump and generation capacity (GW)
5.2
1.3
3.7

Amount of energy
(GWh)
68
11
720

Storage dimensioning with 100% storage, with TAL taken into account
Available pump and generation capacity (GW)
3.3
0.1
2.6

Amount of energy
(GWh)
32
0
62

50% integration through expansion of storage facilities

Within the context of mixed integration by combination of grid expansion and construction of
storage facilities, the scenario with 50% integration (related to the peak load) was selected.
The maximum non-integrable power on a transmission channel determines the dimensions for
the capacity expansion of both the storage facilities and the transmission grid. The resulting
amount of energy to be stored is reduced considerably more as a result, as the transmission
channels permit release in additional hours. In the basic scenario, the total storage capacity is
reduced to 62 GWh.
Table 23-12:
Storage location
22
81
83
Source: EWI

Storage dimensioning for 50% storage
Available pump and generation capacity (GW)
3.7
0.6
2.1

Amount of energy
(GWh)
23
3
36

The 50% solutions were analysed for the OLM and TAL calculations too. The levels of nontransmissible power are reduced, but full integration of energy into the German electricity
market without storage is not possible in these cases either.
Table 23-13:

Storage location
22
81
83
Source: EWI

Storage dimensioning with 50% storage, with OLM taken into account
Available pump and generation
capacity (GW)
2.6
0.6
1.8

Amount of energy
(GWh)
12
3
31
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Table 23-14:

Storage dimensioning with 50% storage, with TAL taken into account

Storage location
22
81
83
Source: EWI

Available pump and generation capacity (GW)
1.6
0.0
1.3

Amount of energy
(GWh)
9
0
9

High-temperature cables in particular reduce storage capacity requirements.

23.9.3

Selecting technology

In the focus analysis for the storage facilities (Section 22), the different storage options for the
German electricity market were analysed. The restrictions on location for some types of storage have already been addressed. When integrating large quantities of energy by means of
storage facilities, the limits of the theoretical storage potential must be taken into account.
Figure 23-17 shows the energy density of hydrogen compared with compressed air and stored
water in an upper reservoir of a pumped storage power plant.
Figure 23-17:

Energy density of storage medium
Assumptions:
H2
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p = 2 MPa
Pump.St h = 300 m
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Source: KBB Underground

The established pump storage technology has a very low level of energy density, at 0.7
kWh/m3. The energy density in compressed air storage equipment is four times higher.
Whilst hydrogen storage facilities are comparably less efficient and require high investment
costs (see Section 22.3), their energy density (163 kWh/m3) means they are more suitable for
storing large quantities of energy in a relatively small space.
The energy quantity restriction in storage head installations can be derived from the energy
content of the storage medium, with the economically realisable potential of the storage volume of cavern fields in Germany taken into account. Due to the low energy density of compressed air, the large quantities of energy associated with 100% integration cannot be proc474
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essed by the AA-CAES storage facilities identified as efficient. With these dimensions, it is
only possible to integrate non-transmissible power by using hydrogen storage equipment.
For each of the cases under investigation, three storage facilities were integrated into the
DIANA model along with the assumptions made about the technology used. The nontransmissible power was specified exogenously as an infeed for these storage facilities. The
possible output from the storage facilities depends on the generation capacity and is limited
by the free grid capacity. The cost efficient method of operating the storage facilities in the
electricity generation system is determined endogenously in the model.

23.9.4

Benefits of storage facilities on the electricity market

As an example, Figure 23-18 shows congestion management with 50% integration of nontransmissible power by means of an AA-CAES storage facility in Zone 83 (Thuringia/Bavaria), for the year 2020. Each of the blue dots shows the storage capacity and nontransmissible power in an hour under investigation. Positive non-transmissible power in the
diagram brings about a non-integrable quantity of energy in the hour in question. This quantity is then stored, which is represented by negative storage capacity in the diagram. The storage capacity is 2,100 MW. The use of this storage capacity is optimised for free line capacity
on the electricity generation market.
Figure 23-18:

Congestion management for a storage facility
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In the context of dispatch, quantities exchanged with other countries are particularly subject to
change through the use of storage facilities. Generally, less electricity is exported to France
and Austria, whilst additional imports are obtained from windy countries such as the Netherlands, Denmark and other northern Europe states, as well as from Poland and the Czech Republic. On a domestic level, production declines at costly gas power plants that cover peak
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load without the implementation of storage facilities. Meanwhile, power plants with lower
variable costs - such as nuclear, lignite and hard coal power plants generate additional electricity that can be released by storage facilities at times when electricity prices are higher.
Following these calculations, a second grid calculation is performed with storage activity
taken into consideration. Using this infeed data, the regional boundaries affected by congestion are determined again and the non-transmissible power specified. The result is that the
storage facilities barely relieve the congestioned linesion between the regions and, as described above, are not a cost-effective option (Section 13.1.4).
The reason for this result is the discrepancy between electricity pricing and local grid conditions. Although marginal costs of generation in the grid zone with high wind infeed are almost
zero, they can reach much higher values in other regions within Germany. On the competitive
market for the whole of Germany, a price is established that may be higher than in neighbouring countries. This can lead to an additional import if storage facilities temporarily extract energy from the German market.
This additional import takes place, in particular, at times of high wind incidence, as the electricity infeed from wind energy in Germany is correlated with that of other northern European
countries. As soon as there is free capacity in the interconnectors, this inexpensive (wind) energy is imported as its price is below the electricity price for Germany as a whole. However,
additional imports also take place from abroad during the same times. The stored energy thus
clears the way for additional imports from outside of Germany.
It is conceivable that the economic efficiency of storage facilities could be improved over the
model calculations by taking into account the contribution these facilities make towards reducing redispatch when using power plants. This positive contribution by storage facilities
was ignored when modelling exchange price-driven power plant and storage usage. On the
other hand, the economic efficiency of the storage facilities is overestimated in the model calculations, as the total wind power capacity that can be integrated by means of storage facilities is available to storage facilities at no cost.
Within the scenarios, wind power capacity can be compensated by means of spatial shifting
(e.g. to locations outside Germany) in the period leading up to 2020. As already demonstrated, this requires a huge expansion in grids. If wind energy continues to expand dramatically with the requirement that it is completely integrated, it may be necessary to carry out
time shifting, something which can only be done by using storage technologies.

23.9.5

Economic costs and evaluation of storage facilities

Even if storage facilities, as independent generation units in the current market design, can
make little contribution towards the full integration of renewable energies into the German
electricity system, using them within the context of time shifting of generated wind energy reduces the overall generation costs of the system. To establish a basis on which to make a decision about possible subsidisation for storage facilities as an alternative to grid expansion, the
overall costs of the modelled storage facilities were compared with the system generation cost
savings, and the annual costs for storage facilities were calculated in the six investigations.
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23.9.5.1

50% integration through storage facilities

The costs for an AA-CAES storage facility are determined on the basis of the turbine, compressor, thermal storage and cavern elements (see Section 22.2). Since the combinations of
generation/infeed capacity and storage in caverns vary according to the example cases, both
of these elements were allocated costs independently of one another.
As with Gatzen (2008), it was assumed that a turbine with a capacity of 300 MW gross shall
cost around 15 million euros in 2020. A compressor with a standard capacity of 180 MW is
assumed to cost around 30 million euros. Added to this are costs for thermal storage equipment and the cavern, which depend on the storage capacity. As caverns of up to 1.5 million
m3 in size are suitable for compressed air storage equipment, the thermal storage equipment
was calculated for this kind of size too, resulting in a cost of around 70 million euros. The
fixed costs for solution mining and providing a cavern are around 10 million euros and increase linearly with the size of the cavity. Costs of around 40 million euros would be incurred
for a cavern measuring 1.5 million m3 such as the one assumed in this case. On top of this are
project costs, which Gatzen (2005) estimated at 40% of the system costs. The entire investment costs were discounted over a period of 20 years at an interest rate of 10%. The costs
saved each year can only be determined for the system as a whole. They were offset with the
total costs of the storage facilities in the three regions.
Table 23-15:

Yearly costs of 50% integration by AA-CAES storage facilities

Integration
50% integration through storage facilities
50% integration with OLM taken into account
50% integration with TAL taken into account

Yearly costs
€503 million (2020)
€388 million (2020)
€191 million (2020)

Source: EWI

23.9.5.2

100% integration through storage facilities

If 100% of the non-transmissible power is to be captured in storage facilities, AA-CAES storage facilities are unsuitable due to the low energy density of compressed air. Hydrogen storage equipment can store more energy in a smaller space and for a longer time. Investment
costs were assumed to be €600/kW for the electrolyser and €550/kW for the gas and steam
turbine power plant. This requires a sharp reduction in costs compared with today's investment costs for comparable systems. 208 Due to the properties of the gas, the caverns for hydrogen storage equipment must be smaller. Costs for 750,000 m3 were used as a basis for this
study. These were calculated in the same way as the costs for the AA-CAES caverns.
Hydrogen storage equipment is able to store much larger amounts of energy. However, the efficiency levels of hydrogen systems are considerably lower than those of AA-CAES systems,
which means that cost savings are lower in economic terms. Therefore, the yearly costs of integrating non-transmissible power are much higher in this kind of configuration than in those
examples involving 50% integration.

208 Wietschel et al. (2010), p. 568
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Table 23-16:

Yearly costs of 100% integration by H2 storage facilities

Integration
100% integration through storage facilities
100% integration with OLM taken into account
100% integration with TAL taken into account

Yearly costs
€1,598 million (2020)
€1,227 million (2020)
€722 million (2020)

Source: EWI

Figure 23-19 shows the costs and efficiency gains for all scenarios in a graphic:
Figure 23-19:

Yearly costs for storage facilities

Yearly costs for storage units
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Source: EWI

23.10

Geological potential for storage facilities in northern Germany

The results of the modelling process show that Germany cannot achieve integration of renewable energies within a European interconnected power system through the use of storage facilities alone. However, storage facilities, working in conjunction with wind farms, could contribute towards smoothing generation if a change is made to the market design or for the purposes of integrating energy on a local level.
The installation of cavern storage facilities depends on the availability of suitable salt formations. Therefore, the companies DEEP. Underground Engineering GmbH and KBB Underground Technologies GmbH have investigated possible sites at the North Sea and Baltic Sea,
both offshore and in coastal areas, with the defined target areas for the grid connection nearby
in each case. For each salt structure found, information on key features is compiled in note
form: this relates to the depth location of the top of salt, the surface area of the usable structure, the expected type of saliniferous formation, the degree of exploration, the degree of development, and the possibility of extracting fresh water and disposing of brine.
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The salt structures identified in this way are evaluated in terms of their suitability for constructing and operating a compressed air storage cavern system by applying criteria that take
into account the properties of the salt structure, the degree to which the salt structure has been
explored, its surface area, its suitability in a rock mechanics context, and the distance to the
potential grid connection. For offshore salt structures, the existing water depth is also included as an evaluation criterion, whilst the possibility of obtaining fresh water and disposing
of brine is also evaluated for salt structures under the mainland.

23.10.1 Offshore salt structures
Each of the offshore wind farms in the North Sea can be allocated to one onshore connection
point in Lower Saxony and two in Schleswig-Holstein. There are numerous salt structures in
the vicinity of these wind farms. All of these are principally composed of the Zechstein layer
and therefore offer excellent conditions for constructing a cavern from a geological perspective. However, these offshore salt structures have only been explored to a small extent.
The only salt structure in the catchment area of onshore connection point I (Sylt) and onshore
connection point II (Büsum), Daniela (1) 209, is located to the north of the wind farm areas
planned for this region, which means that the grid connection could be viewed as somewhat
unfavourable.
In the area to the north of the East Frisian Islands (onshore connection point III (north)), the
salt structures Herta (5), Lollo (8) and Lisa (9) appear to be suitable in principle and should be
shortlisted for a detailed location evaluation.
Within the German Baltic Sea, it is not possible to identify any suitable offshore salt structures.

209 The numbers for each of the sites relate to those marked on Figure 23-20
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Figure 23-20:

Salt domes in the coastal region of northern Germany
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Table 23-17: Roundup of evaluations for possible offshore sites
Structure

Structural
risk

Degree of
exploration

Area
available

Rock
mechanics

Location

Grid connection I (Sylt) / Grid connection II (Büsum), Schleswig-Holstein
Daniela

+

-

+

+

-

Grid connection III (Norden), Lower Saxony
Hedda-South

+

+/-

+

+/-

+

Heike

+

-

+

+

-

Hilda-North

+

-

+

+/-

+/-

Herta

+

-

+

+

+

Helga

+

+/-

+/-

+/-

+/-

Julia

+

-

+

+

-

Lollo

+

-

+

+

+

Lisa

+

-

+

+

+ to -

Source: KBB Underground

23.10.1 Onshore salt structures
Seven areas are specified as target areas for grid connection on the mainland: these have been
selected based on the positions of the onshore connection points for the cable routes to the
offshore wind farms and the points of infeed into the high voltage grid.
It was not possible to locate any suitable salt structures within the vicinity of the target area of
grid connection I (Sylt), Schleswig-Holstein.
In the target area of grid connection II (Büsum), Schleswig-Holstein, the sub-area Marne
within the salt structure Hennstedt-Heide-Meldorf-Marne (12) as well as the sub-area Belmhusen within the salt structure Belmhusen/Süderhastedt (13) may, in principle, be suitable as
possible sites for a compressed air cavern storage facility.
Within the target area of grid connection III (north), Lower Saxony, there are multiple salt
structures which could in principle be used for setting up compressed air storage equipment,
but their availability is already very restricted.
Since the Rüstringen and Etzel sites already have cavern storage facilities or there are concrete plans in place to construct facilities on them, either these sites are no longer available
(Rüstringen (17)) or their availability is very limited (Etzel (18)). This means that it is only
possible to reach a decision concerning which sites can be used by engaging in negotiations
with operators who are already based in these areas. The same applies (albeit on a smaller
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scale) to the Berdum-Jever (16) salt dome, at least some of which is currently believed to have
been given over to the development of a cavern plant for natural gas storage.
The Westdorf (14) salt structure also appears to be a suitable site for a CAES cavern storage
facility. However, the disadvantages of this site compared with others are the double salt
structure and the somewhat lower position of the top of salt.
Another site where a compressed air storage plant could be set up is the Jemgum salt structure
near the town of Leer (this is, however, outside of the region being investigated here). Although this structure is suitable from a geological/geotechnical perspective, the rights to it
have already been awarded to three large gas suppliers, who plan to develop a separate gas
cavern field.
It was not possible to locate any suitable salt structures in the vicinity of the target area of grid
connection IV (Dahme/Cismar), Schleswig-Holstein.
The Fresendorf salt structure identified within the target area of grid connection V (Rostock),
Mecklenburg-Western Pomerania, only enables caverns to be constructed at a depth location
which, based on what the latest technology can achieve, may be deemed too deep for compressed air storage caverns.
It was not possible to locate any suitable salt structures in the vicinity of the target area of grid
connection VI (Stralsund), Mecklenburg-Western Pomerania.
The Moeckow salt structure within the vicinity of the target area of grid connection VII
(Lubmin), Mecklenburg-Western Pomerania, offers good conditions for constructing a compressed air storage cavern facility. However, the company EWE AG is currently planning to
erect a natural gas storage plant in this location, which will completely use up the available
space. Therefore, the only other way of using this site would be to engage in negotiations with
this future operator.
Consequently, we can state that mainland regions do offer suitable salt structures for erecting
a CAES cavern storage facility in four of the seven target areas for grid connection; however,
the most appropriate sites are either no longer available or only available to a limited extent,
as they are already being operated for the purpose of storing oil or natural gas or storage facilities are already being planned or constructed at these sites. Despite this, it is conceivable
that operators may still be prepared to offer sites for compressed air storage if necessary.
Here, time is also an important factor as any currently available sites that offer ideal cavern
conditions for storing compressed air could be snapped up quickly in future.
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Table 23-18:
Structure

Roundup of evaluations for possible onshore sites
Structural
risk

Degree
of
exploration

Area
available

Rock
mechanics

Freshwater
supply

Saltwater
disposal

Location

A vailability

North Sea – Grid connection II – Büsum (S chleswig-Holstein)
Büsum

+/-

+

+ (ro)

+

+

-

+

-

Oldenswort

+/-

+/-

+ (ro)

+

+

-

+/-

+

Marne

+/-

+

+ (ro)

+

+

+/-

+

+/-

+

+/-

Heide,
Hennstedt,
Meldo rf

Meldorf
Heide

+
Hennstedt
Marne

Belmhusen

+/-

+/-

+ (ro)

Süderhastedt

+/-

+

+

Belmhusen

Belmhusen

-

+

Süderhastedt

Süderhastedt

North Sea – Grid connection III – Norden (Lower Saxony)
Westdorf

+

+/-

+

+/-

+

-

+

+

Brockzetel

+

+/-

+

+/- to -

+/-

-

+

+

BerdumJever

+

+

+

+

+/-

-

+/-

+/-

Rüstringen

+

+

(+)

-

+

+

+/-

-

Etzel

+

+

(+)

(+)

+

+

+/-

+/-

Baltic Sea – Grid connection V – Rostock (Mecklenburg-Vorpommern)
RostockFresendorf

+

+/-

+

-

+

+/-

+

+

Baltic Sea – Grid connection VI – Lubmin (Mecklenburg-Vorpommern)
Möckow

+

+

+

+

+/-

+/-

+

+/-

Source: KBB Underground

At the time of writing, there have not been any thorough investigations into the overall potential of high-pressure gas caverns in Germany. The data provided on the geological maps of the
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salt structures in northern Germany primarily relates to the highest point of a salt dome, not to
the projected area shown.
The total volume calculated in the study, with 50% integration of non-transmissible power
and without overhead line monitoring and high-temperature cables taken into account,
amounted to 21 million m³ or 42 caverns of 500,000 m³ each. This figure is approximately
commensurate with what has been planned for currently the largest natural gas cavern storage
facility under construction in Germany. However, today's technology may only enable considerably fewer compressed air caverns to be constructed on the extremely large salt dome
concerned, as the storage facilities are limited to a depth window that is much narrower by
comparison. However, over the long term we cannot rule out the possibility of this window
becoming larger as a result of improved technical equipment. Consequently, it would be possible to make use of a larger surface area of salt domes which are, in principle, suitable for
constructing compressed air caverns.
23.10.1.1 Competition over use with natural gas and CO2 storage facilities
Natural gas storage projects that are currently in the planning or construction phases shall result in an expansion in current storage capacity of around 50%. As such, it is somewhat
unlikely that there will be any significant requirement for additional projects and, therefore,
salt structures.
There is essentially no competition between compressed air and CO2 storage facilities in salt
caverns, as the capacity for CO2 is too low for the expected CO2 streams from power plants,
and the specific costs would be far too high.
On the whole, it is also improbable that the entire expansion of storage facilities would be performed using compressed air storage, even in the scenarios involving 50% integration. Instead, extremely large quantities of energy would be stored - in some cases over extended periods - using a combination of compressed air storage facilities for shorter-term, more flexible
requirements and hydrogen storage facilities for longer-term applications.
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Economic evaluation

The individual positions of the annual costs for offshore and onshore grid expansion as well
as alternative storage technologies, which are outlined in detail in Sections 16 and 23.9, produce the overall expected costs for full grid integration of renewable energies for the year
2020, shown in Figure 25-1.
Figure 25-1:

Overall annual costs in 2020 for all nine scenarios

Source: EWI/TSOs

This diagram should be viewed as merely an indication of costs: the costs for actual projects
may deviate significantly from the examples calculated here, depending on geographical conditions, specific transmission features and options for use.
The costs calculated for storage equipment appear to be prohibitively high. They arise as a result of the study's requirement for non-transmissible power to be fully integrated into the grid.
This leads to the dimensioning of storage facilities that would be difficult to implement in real
life. In these calculations, the relationship between storage capacity and power, for example,
is not determined on the basis of efficiency, but instead on the basis of the incidence of nontransmissible power.
The annuities for the storage scenarios with installed capacities amounting to 100% of the
non-transmissible power in the transmission grid are more than three times higher than the
annuities for the scenarios where 50% of non-transmissible power is stored. One reason for
this is the considerably larger quantities of energy in the 100% scenarios, as non-transmissible
power would have to be stored for longer periods in these cases (seasonal storage). This can
only be carried out using more complex hydrogen technology that is considerably more expensive and less efficient than AA-CAES technology. In reality, there would be no need to
choose either compressed air or hydrogen storage - a mixed solution would be expected.
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The investigations have shown that without market-based intervention in Europe's electricity
system in a way that includes storage facilities installed close to the point of generation and
operated in accordance with excess power, there will be no significant influence on the requirements for grid expansion or on the costs associated with this. This is a consequence of
the market's response to the increase in German market price that accompanies the infeed of
renewable energies. For this reason, annual grid costs for BAS, OLM and TAL expansion
scenarios are largely unaffected by the amount of power captured by alternative storage facilities. Since the non-transmissible power for the transmission grid expected for 2015 falls in the
scenarios from BAS to OLM and TAL, the storage facilities may become smaller and incur
fewer costs accordingly.
In the BAS grid scenarios, overhead line monitoring (OLM) is already assumed in north-west
Germany. The use of OLM in other regions, which is also considered in OLM scenarios, only
results in a small reduction in grid expansion requirements, with additional costs incurred for
increasing ampacity in the existing grid. On lines that are far away from areas with high generation capacity from wind power plants, OLM does not cause a significant reduction in grid
expansion requirements, It is primarily in north-west Germany that a direct relationship can
be observed between load capacity due to wind-related cooling effects and load due to energy
generated from wind.
In the TAL scenarios, at around €1,300 million the annual grid costs are almost twice as high
as those in the BAS and OLM scenarios. Even if the identified expansion requirement for new
lines is considerably lower in these scenarios than in the others, it is questionable whether this
grid expansion option can actually be implemented. Over a period of 5 years, around half of
the existing 380 kV grid would need to be put out of service for extended periods in order to
carry out the necessary modification work. Based on the forecast development in wind energy, a higher transmission requirement than today's would also need to be assumed. Additionally, there is a great deal of uncertainty as to whether the 380 kV grid can maintain supply
reliability to the same degree as today, if it is only expanded by a few lines but is operated
with considerably higher levels of electricity.
According to Figure 25-1, of the nine scenarios being examined here, the BAS 000 scenario
remains the most cost-effective and technically viable option for achieving full grid integration of renewable energies by 2020. However, this scenario presents a challenge in that it requires the construction of new 380 kV overhead lines using three-phase AC technology, over
a route of approx. 3,600 km (6,000 km circuit length). To provide more information on this,
for comparison purposes Section 14 outlines (amongst other details) the expected grid costs
for buried electricity transmission scenarios.
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Annex A:
Evaluation of transmission technologies
Section 10.2.5 shows the evaluation of the transmission technologies for the following four
example transmission tasks:
Transmission capacity: 1,000 MW

Distance: 100 km

Transmission capacity: 1,000 MW

Distance: 400 km

Transmission capacity: 4,000 MW

Distance: 100 km

Transmission capacity: 4,000 MW

Distance: 400 km

This annex (A.1-A.4) contains the results of the evaluation plus a detailed explanation behind
them.
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line
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overhead line
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overhead line
1
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overhead line

3

VSC-HVDC +
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2
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5

4
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10

3

6

5

3

4

3

10

8

1

1

8

6

1

3

10

8

2

2

5

1

5

3

1

4

2

6

6

6

10

10

Pow er electronics and transistor technology of fer the most potential for development. The GIL and classic HV DC options demonstrate considerably less potential than VSC technologies. Both of these technologies receive average ratings as the GIL solution is not
mature and HVDC demonstrates potential f or development in its pow er electronics. The classic HVDC w ith overhead line option has the same rating as the classic HVDC w ith cable option. The A C cable and 750 kV overhead line options have below -average
ratings due to the possibility of further developments in V PE cables and 750 kV technology, w hich is not used very w idely. As the 380 kV overhead line option is mature, it does not demonstrate any potential.

Development potential

Cable technologies have poorer ratings due to their repair times and larger amount of w ork involved in clearing f aults. Due to the use of MI cables (w hich are associated w ith laborious repair w ork) and pow er electronics, the HVDC classic w ith cable option has
the poorest rating. The GIL option also receives a poor rating due to the large amount of w ork involved in repair. The 380 kV overhead line option is the least complex. The 750 kV overhead line option is more complex due to its size, and repairs take longer as a
result. HVDC technologies (classic & overhead line, VSC & overhead line and VSC & cable) have an average rating due to the repair times they are associated w ith and the amount of w ork involved in clearing f aults in the pow er electronics.

Fault clearance costs

The 380 kV overhead line option has many years of experience behind it; the situation is similar for the 750 kV AC and classic HV DC w ith overhead line options. The classic HVDC and VSC-HVDC w ith cable options have experience in submarine connections w ith
lengths of several hundred km, but the installed capacities are less than 1000 MW. There are no ref erence projects for this transmission task in the case of GIL; approximately the same can be said f or AC cables.

Operational experience

Empirical values f or 380 kV and 750 kV overhead lines state that they of fer a service lif e of around 80 - 100 years. All of the other options have average ratings due to the cable technology involved. Due to the use of an overhead line, the HVDC classic w ith
overhead line option has a better rating than the HVDC w ith cable option. How ever, due to the pow er electronics (thyristors) involved, it has a poorer rating than the straightforw ard overhead line options. The service life associated w ith the VSC-HVDC option is
estimated to be shorter than the service life associated w ith the classic HVDC options.

Service life

Cable availability is generally rated w orse than overhead line availability due to the possibility of bottlenecks in copper/aluminium supplies. The GIL solution has the poorest rating as there is only one provider f or it and bottlenecks may arise during production.
Bottlenecks in A C cable supply are most likely to occur in the case of long cable lengths (a f ew hundred km). 380 kV overhead lines of fer the best availability and supply conditions thanks to the multitude of providers. There are also a f ew diff erent providers for
the HVDC classic w ith overhead line option. The 750 kV overhead line option has a poorer rating because the insulation and HV transformer may represent a bottleneck at this voltage level. HVDC cables are much more readily available than AC cables due to the
considerably shorter lengths involved, w hich in turn are due to the f act that there are few er parallel systems (only 200 km). On the other hand, there are not as many providers of this technology.

Availability - supply

The follow ing construction times have been determined. 380 kV overhead line: approx. 1 year, HVDC overhead lines: approx. 1.4 years, 750 kV : approx. 1.5 years, HVDC cables: approx. 2 years, AC cables: approx. 2.5 years, and GIL: approx. 3 years.

Construction time

Constructing 380 kV overhead lines is the most straightforw ard technique: it has many years of experience behind it and does not involve complex technology. The HVDC versions w ith overhead line and the 750 kV overhead line option are similar. The f act that
HVDC stations w ill need to be constructed has to be taken into account. Due to the longer distances involved, insulation issues and so on, constructing the 750 kV overhead line option is more laborious than constructing HVDC systems. Out of the remaining cable
solutions, the one involving VSC-HVDC w ith cables is rated the best. Compared to the GIL and AC cable solutions, there is significantly less w ork involved in the HVDC cable solution (only 2 cables, cable transposition, cable pits, no compensation systems, etc.).
Since fittings for MI cables are considerably more complex than those for VPE cables, classic HVDC solutions are rated low er than the VSC-HVDC one. Constructing a GIL involves the most w ork.

Construction method

1000 MW - 100 km

A.1
Evaluation of transmission technologies for task: 1,000 MW,

100 km
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Environmental impact
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High 1
Average 6
Low 10

Ecological effects

Combined figure based on consumption of nonusable land due to overvoltage/rights of w ay on
the one hand and soil sealing on the other hand.

Land consumption

1000 MW - 100 km

Prominent

Very prominent

1

Transformer f ire

None

4

8

Bird strikerecyclability+

10

70 m tr. w idth,
hardly any sealing

1

750/800 kV
overhead line

10

Bird strikerecyclability+

10

40 m tr. w idth,
hardly any sealing

4

380 kV overhead
line

3

Soil sealing,
recyclability

5

5 m tr. w idth,
high degree of sealing

4

Gas-insulated line
(GIL)

Generally not visible

10

Generally not visible

10

Earth moving, coil f ire, extended Escape of SF6, earth moving,
period
extended period

4

Dry ground,
soil sealing,
recyclability

1

10 m tr. w idth,
high degree of sealing

2

380 kV underground
cable with shunt
compensation

Visible

5

Transformer f ire

8

Bird strikerecyclability+

10

15 m tr. w idth,
hardly any sealing

10

Classic HVDC +
overhead line

Generally not visible

10

Escape of oil,
transf ormer f ire,
earth moving,
extended period

1

Dry ground,
soil sealing,
recyclability

1

3 m tr. w idth,
high degree of
sealing

7

Classic HVDC +
cable

Visible

5

Transf ormer f ire

8

Bird strikerecyclability+

10

15 m tr. w idth,
hardly any sealing

10

VSC-HVDC +
overhead line

Generally not visible

10

Transf ormer fire,
earth moving,
extended period

4

Dry ground,
soil sealing,
recyclability

1

3 m tr. w idth,
high degree of
sealing

7

VSC-HVDC +
cable

Annual costs (euros/year) are calculated using the annuity method. The duration is calculated as 40 years. Investment costs are scaled from available sources in relation to the costs f or 380 kV overhead lines. The interest rate for investments is 7% and is
determined as a combined rate consisting of the interest rates for assets and debts. Losses are calculated on the basis of a simplified w ind prof ile. Loss costs are set at 60 euros/MWh in the first year (2010 in this case) and the associated price increase at 5%
per year over the next 40 years [netw ork operators]. Operating costs are determined as a percentage of investment costs (dif ferent f or cables and overhead lines). The rate of inflation is set at 3% [netw ork operators]. Annual costs determined in this w ay w ere
entered on a linear scale of 1 (highest costs) to 10 (low est costs) and a corresponding rating w as calculated.

Cost-effectiveness

1000 MW - 100 km

500

System behaviour/system compatibility

No impact 1
With impact 10

Impact on system reliability;
ability to dampen electromagnetic
vibrations

Not possible 1
Partly possible 6
Possible 10

Load flow controllability

Low 1
Average 6
High 10

Thermal time constant (suitability for
flexibilisation measures)

Complex and expensive 1
Simple and inexpensive 10

Possible integration with existing
three-phase current system

No contribution to short-circuit pow er in the region
1
Contributes to short-circuit pow er in the region 10

Effects on the short-circuit level

Total loss of transmission capacity
Limited continued operation possible
% from Pn 1 to 10

Behaviour in the event of failure

Great f luctuations 1
Small fluctuations 6
Reactive pow er can be regulated 10
+costs f or reactive pow er

Reactive power behaviour

1000 MW - 100 km
6

750/800 kV
overhead line

No damping impact

1

1

Cooling eff ects, therm.
limit, flexibilisation due to
monitoring

10

10

100% longitudinal
impedance

6

2 systems

10

No damping impact

1

Due to relatively low
additional costs, f easible
if transf ormers used as
quadrature regulators

3

Cooling effects,
therm. limit,
transformer

No damping impact

1

1

Shortening of service lif e

3

No damping impact

1

1

Up to 200% overload
capacity

10

Great deal of shunt
compensation. Resonances,
harmonics, varying surge
impedance

Transf ormers (not as
significant in the case of
longer lengths)

8

6
Shunt compensation
required, but not as much as
w ith 380 kV cable option.
Harmonics, varying surge
impedance

GIL and 750 kV overhead line
approximately the same
(around 50% longitudinal
impedance)

10

1 system

1

3

Cable longitudinal impedance
63% of 380 kV overhead line

3

Classic HVDC +
overhead line

Suitable for vibration
damping

10

10

Rated capacity =
upper limit

1

1

No short-circuit
contribution

1

1 system, bipolar

6

Shunt compensation
Shunt compensation
required, but not as much as
required
w ith 380 kV cable option

3

Gas-insulated line
(GIL)

7

8

10

1 system 2 systems, but not
overdimensioned (1200 mm2)

6

Great deal of shunt
compensation

1

380 kV underground
cable with shunt
compensation

GIL and 750 kV overhead
line approximately the
same (around 50%
longitudinal impedance)

1 system

1

No compensation
required, half reactive
No compensation required
pow er range as w ith 380
kV overhead line

4

380 kV overhead
line

10

10

Rated capacity =
upper limit

1

controllable

3

Ik = rated current

2

1 system

1

controllable

10

VSC-HVDC +
overhead line

10

10

Rated capacity =
upper limit

1

controllable

3

Ik = rated current

2

1 system

1

controllable

10

VSC-HVDC +
cable

Suitable for vibration Suitable f or vibration Suitable f or vibration
damping
damping
damping

10

No rapid reversal of
direction

8

Rated capacity =
upper limit

1

1

No short-circuit
contribution

1

1 system, bipolar

6

Shunt compensation
required

3

Classic HVDC +
cable

Technical characteristics

10

10

10

10

1

Service life

Operational experience

Fault clearance costs

Development potential

10

Construction time

Availability - supply

10

6

7

6

2

1

1

Gas-insulated line
(GIL)

Same rating as 1000 MW - 100 km task

2

380 kV underground
cable with shunt
compensation

2

1

The rating f or 1000 MW/100 km applies to longer systems as w ell.

750/800 kV
overhead line

7

8

3

Classic HVDC +
overhead line

4

8

8

10

Same rating f or all transmission tasks

2

Same rating f or all transmission tasks

2

Same rating f or all transmission tasks

1

Same rating f or all transmission tasks

3

6

2

1

6

6

5

8

5

AC cables have a w orse rating in comparison to the 1000 MW/100 km task, as supply bottlenecks are even more likely.

380 kV overhead
line

Construction method

1000 MW - 400 km

6

1

6

3

4

4

1

Classic HVDC +
cable

10

5

1

4

5

8

5

VSC-HVDC +
overhead line

10

3

3

3

4

6

3

VSC-HVDC +
cable

A.2
Evaluation of transmission technologies for task: 1,000 MW,

400 km

501

502

Environmental impact

10

380 kV overhead
line
4

750/800 kV
overhead line
1

380 kV underground
cable with shunt
compensation
2

Gas-insulated line
(GIL)
9

Classic HVDC +
overhead line
7

Classic HVDC +
cable

8

VSC-HVDC +
overhead line

7

VSC-HVDC +
cable

Extent

Adverse effect on overall appearance
of land

Ecological impact in the event of
failure

High 1
Average 6
Low 10

Ecological effects

Combined figure based on consumption of nonusable land due to overvoltage/rights of w ay on
the one hand and soil sealing on the other hand.

Land consumption

1000 MW - 400 km

Prominent

Very prominent

1

Transformer fire

None

4

8

Bird strikerecyclability+

10

70 m tr. w idth,
hardly any sealing

1

750/800 kV
overhead line

10

Bird strikerecyclability+

10

40 m tr. w idth,
hardly any sealing

4

380 kV overhead
line

3

Soil sealing,
recyclability

5

5 m tr. w idth,
high degree of sealing

4

Gas-insulated line
(GIL)

Generally not visible

10

Generally not visible

10

Earth moving, coil fire, extended Escape of SF6, earth moving,
period
extended period

4

Dry ground,
soil sealing,
recyclability

1

10 m tr. w idth,
high degree of sealing

2

380 kV underground
cable with shunt
compensation

Visible

5

Transformer fire

8

Bird strikerecyclability+

10

15 m tr. w idth,
hardly any sealing

10

Classic HVDC +
overhead line

Generally not visible

Visible

5

Transformer fire

10

8

1

Bird strikerecyclability+

10

15 m tr. w idth,
hardly any sealing

10

VSC-HVDC +
overhead line

Escape of oil,
transformer fire,
earth moving,
extended period

Dry ground,
soil sealing,
recyclability

1

3 m tr. w idth,
high degree of
sealing

7

Classic HVDC +
cable

Generally not visible

10

Transformer f ire,
earth moving,
extended period

4

Dry ground,
soil sealing,
recyclability

1

3 m tr. w idth,
high degree of
sealing

7

VSC-HVDC +
cable

Annual costs (euros/year) are calculated using the annuity method. The duration is calculated as 40 years. Investment costs are scaled f rom available sources in relation to the costs for 380 kV overhead lines. The interest rate for investments is 7% and is
determined as a combined rate consisting of the interest rates for assets and debts. Losses are calculated on the basis of a simplified w ind profile. Loss costs are set at 60 euros/MWh in the first year (2010 in this case) and the associated price increase at 5%
per year over the next 40 years [netw ork operators]. Operating costs are determined as a percentage of investment costs (different for cables and overhead lines). The rate of inflation is set at 3% [netw ork operators]. Annual costs determined in this w ay w ere
entered on a linear scale of 1 (highest costs) to 10 (low est costs) and a corresponding rating w as calculated.

Cost-effectiveness

1000 MW - 400 km

503

System behaviour/system compatibility

No impact 1
With impact 10

Impact on system reliability;
ability to dampen electromagnetic
vibrations

Not possible 1
Partly possible 6
Possible 10

Load flow controllability

Low 1
Average 6
High 10

Thermal time constant (suitability for
flexibilisation measures)

Complex and expensive 1
Simple and inexpensive 10

Possible integration with existing
three-phase current system

No contribution to short-circuit pow er in the region
1
Contributes to short-circuit pow er in the region 10

Effects on the short-circuit level

Total loss of transmission capacity
Limited continued operation possible
% from Pn 1 to 10

Behaviour in the event of failure

Great fluctuations 1
Small f luctuations 6
Reactive pow er can be regulated 10
+costs f or reactive pow er

Reactive power behaviour

1000 MW - 400 km
6

750/800 kV
overhead line

No damping impact

1

1

Cooling eff ects, therm.
limit, flexibilisation due to
monitoring

10

10

100% longitudinal
impedance

6

2 systems (angle too large
w ith remaining system)

10

No damping impact

1

Due to relatively low
additional costs, feasible
if transformers used as
quadrature regulators

3

Cooling ef fects, therm.
limit, transf ormer

No damping impact

1

1

Shortening of service lif e

3

No damping impact

1

1

Up to 200% overload
capacity

10

Great deal of shunt
compensation. Resonances,
harmonics, varying surge
impedance

Transf ormers (not as
significant in the case of
longer lengths)

8

6
Shunt compensation
required, but not as much as
w ith 380 kV cable option.
Harmonics, varying surge
impedance

GIL and 750 kV overhead line
approximately the same
(around 50% longitudinal
impedance)

3

Cable longitudinal impedance
63% of 380 kV overhead line

GIL and 750 kV overhead
line approximately the
same (around 50%
longitudinal impedance)

10

1 system

1

Shunt compensation
required, but not as much as
w ith 380 kV cable option

3

Gas-insulated line
(GIL)

8

8

1 system 2 systems, but not
overdimensioned (1200 mm2)

10

Great deal of shunt
compensation

1

380 kV underground
cable with shunt
compensation

10

1 system

1

No compensation
required, half reactive
No compensation required
pow er range as w ith 380
kV overhead line

4

380 kV overhead
line

10

No rapid reversal of
direction

8

Rated capacity =
upper limit

1

1

No short-circuit
contribution

1

1 system, bipolar

10

Shunt compensation
required

3

Classic HVDC +
cable

10

10

Rated capacity =
upper limit

1

controllable

3

Ik = rated current

2

1 system

1

controllable

10

VSC-HVDC +
overhead line

10

10

Rated capacity =
upper limit

1

controllable

3

Ik = rated current

2

1 system

1

controllable

10

VSC-HVDC +
cable

Suitable for vibration Suitable f or vibration Suitable for vibration Suitable for vibration
damping
damping
damping
damping

10

10

Rated capacity =
upper limit

1

1

No short-circuit
contribution

1

1 system, bipolar

10

Shunt compensation
required

3

Classic HVDC +
overhead line

Technical characteristics

6

750/800 kV
overhead line
2

380 kV underground
cable with shunt
compensation
1

Gas-insulated line
(GIL)
3

Classic HVDC +
overhead line
1

Classic HVDC +
cable

10

7

1

1

8

4

The GIL solution is improved due to its relationship w ith the cable systems (number of systems). Everything else is the same as the 1000 MW task.

10

380 kV overhead
line

8

5

VSC-HVDC +
overhead line

6

3

VSC-HVDC +
cable

10

6

1

1

7

4

5

4

10

10

10

1

Service life

Operational experience

Fault clearance costs

Development potential

4

8

8

10

Same rating for all transmission tasks

2

Same rating for all transmission tasks

2

Same rating for all transmission tasks

1

Same rating for all transmission tasks

3

6

2

1

6

6

5

8

5

6

1

6

3

10

5

1

4

10

3

3

3

Similar to above. The availability of cable options is relatively w orse (multiple systems), as considerably longer cable lengths need to be created. Once again, the GIL solution is the w orst option, follow ed by the AC cable solution (1500 km of cables need to be
installed) - this is w hy they are rated 1. The HVDC + cable options are rated 3 due to the possibility of supply bottlenecks (the cable lengths are considerably shorter in this case). On the other hand, overhead line solutions do not have the same problems and
are therefore given a relatively higher rating than the cable solutions. Due to this, the ratings are also one point higher than in the case of 1000 MW tasks. Once again, the 380 kV overhead line solution is the fastest one (and is rated 10 accordingly).

Availability - supply

The GIL solution involves an extremely long period of construction. AC cables receive a similar rating as five systems are required for 4000 MW. As a result, in comparison to the overhead line solutions they have an even w orse rating than in the case of the
1000 MW/100 km task (four cable systems). Tw o systems (four cables) are required for the classic HVDC solutions, w hich means that these are quicker to install than the AC cable solution - even w ith time for setting up the pow er converter stations taken into
consideration. Although the VSC HVDC w ith cable option does require three cable systems (6 cables), it can be installed using small VPE cables w ith fittings that are preassembled and therefore quick to install (1 day/fitting). This makes the construction time
shorter than in the case of classic HVDC solutions. This option only has a slightly poorer rating than an HVDC w ith overhead line solution and a 750 kV overhead line solution. The 380 kV solution is the quickest to construct.

Construction time

Construction method

4000 MW - 100 km

A.3
Evaluation of transmission technologies for task: 4,000 MW,

100 km

504

505

Environmental impact

10

380 kV overhead
line
9

750/800 kV
overhead line
6

380 kV underground
cable with shunt
compensation
6

Gas-insulated line
(GIL)
7

Classic HVDC +
overhead line
5

Classic HVDC +
cable

4

VSC-HVDC +
overhead line

1

VSC-HVDC +
cable

4

Adverse effect on overall appearance
of land

Extent

10

10

4

380 kV overhead
line

Ecological impact in the event of
failure

High 1
Average 6
Low 10

Ecological effects

Combined figure based on consumption of nonusable land due to overvoltage/rights of w ay on
the one hand and soil sealing on the other hand.

Land consumption

4000 MW - 100 km

1

8

10

1

750/800 kV
overhead line

10

4

1

2

380 kV underground
cable with shunt
compensation

10

3

5

4

Gas-insulated line
(GIL)

5

8

10

10

Classic HVDC +
overhead line

10

1

1

7

Classic HVDC +
cable

(Change due to 2
systems)

4

8

10

(Change due to 2
systems)

8

VSC-HVDC +
overhead line

10

4

1

7

VSC-HVDC +
cable

Annual costs (euros/year) are calculated using the annuity method. The duration is calculated as 40 years. Investment costs are scaled from available sources in relation to the costs for 380 kV overhead lines. The interest rate for investments is 7% and is
determined as a combined rate consisting of the interest rates f or assets and debts. Losses are calculated on the basis of a simplif ied w ind profile. Loss costs are set at 60 euros/MWh in the f irst year (2010 in this case) and the associated price increase at
5% per year over the next 40 years [netw ork operators]. Operating costs are determined as a percentage of investment costs (diff erent f or cables and overhead lines). The rate of inflation is set at 3% [netw ork operators]. Annual costs determined in this w ay
w ere entered on a linear scale of 1 (highest costs) to 10 (low est costs) and a corresponding rating w as calculated.

Cost-effectiveness

4000 MW - 100 km

506

System behaviour/system compatibility

No impact 1
With impact 10

Impact on system reliability;
ability to dampen electromagnetic
vibrations

Not possible 1
Partly possible 6
Possible 10

Load flow controllability

Low 1
Average 6
High 10

Thermal time constant (suitability for
flexibilisation measures)

Complex and expensive 1
Simple and inexpensive 10

Possible integration with existing
three-phase current system

No contribution to short-circuit pow er in the region
1
Contributes to short-circuit pow er in the region 10

Effects on the short-circuit level

Total loss of transmission capacity
Limited continued operation possible
% from Pn 1 to 10

Behaviour in the event of failure

Great fluctuations 1
Small f luctuations 6
Reactive pow er can be regulated 10
+costs for reactive pow er

Reactive power behaviour

4000 MW - 100 km
6

750/800 kV
overhead line

No damping impact

1

1

Cooling effects, therm.
limit, flexibilisation due to
monitoring

10

10

100% longitudinal
impedance

6

2 systems

6

No damping impact

1

Due to relatively low
additional costs, feasible
if transformers used as
quadrature regulators

3

Cooling effects, therm.
limit, transformer

No damping impact

1

1

Shortening of service life

3

No damping impact

1

1

Up to 200% overload
capacity

10

Great deal of shunt
compensation. Resonances,
harmonics, varying surge
impedance

Transformers (not as
significant in the case of
longer lengths)

8

6
Shunt compensation
required, but not as much as
w ith 380 kV cable option.
Harmonics, varying surge
impedance

Approx. 28% longitudinal
impedance for 380 kV
overhead line

10

2 systems

6

2

Cable longitudinal impedance
40% of 380 kV overhead line

3

Classic HVDC +
overhead line

10

No rapid reversal of
direction

8

Rated capacity =
upper limit

1

1

No short-circuit
contribution

1

2 systems, bipolar

8

Shunt compensation
required

3

Classic HVDC +
cable

10

10

Rated capacity =
upper limit

1

controllable

3

Ik = rated current

2

2 systems

6

controllable

10

VSC-HVDC +
overhead line

10

10

Rated capacity =
upper limit

1

controllable

3

Ik = rated current

2

3 systems

7

controllable

10

VSC-HVDC +
cable

Suitable for vibration Suitable for vibration Suitable for vibration Suitable for vibration
damping
damping
damping
damping

10

10

Rated capacity =
upper limit

1

1

No short-circuit
contribution

1

1 system, bipolar

6

Shunt compensation
Shunt compensation
required, but not as much as
required
w ith 380 kV cable option

3

Gas-insulated line
(GIL)

6

9

8

5 systems

10

Great deal of shunt
compensation

1

380 kV underground
cable with shunt
compensation

Approx. 50% longitudinal
impedance for 380 kV
overhead line
Assumption: 3 individual
poles at 1500 MVA each

1 system

1

No compensation
required, half reactive
No compensation required
pow er range as w ith 380
kV overhead line

4

380 kV overhead
line

Technical characteristics

10

10

10

10

1

Service life

Operational experience

Fault clearance costs

Development potential

10

Construction time

Availability - supply

10

380 kV overhead
line

Construction method

4000 MW - 400 km

4

8

8

10

6

7

6

1

1

1

Gas-insulated line
(GIL)

Same rating as 4000 MW - 100 km task

2

380 kV underground
cable with shunt
compensation

1

Same rating for all transmission tasks

2

Same rating for all transmission tasks

2

Same rating for all transmission tasks

1

Same rating for all transmission tasks

3

6

2

1

6

The rating for 1000 MW/100 km applies to longer systems as w ell.

1

The rating for 1000 MW/100 km applies to longer systems as w ell.

750/800 kV
overhead line

6

5

8

5

7

8

3

Classic HVDC +
overhead line

6

1

6

3

4

4

1

Classic HVDC +
cable

10

5

1

4

5

8

5

VSC-HVDC +
overhead line

10

3

3

3

4

6

3

VSC-HVDC +
cable

A.4
Evaluation of transmission technologies for task: 4,000 MW,

400 km
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508

Environmental impact

10

380 kV overhead
line
9

750/800 kV
overhead line
1

380 kV underground
cable with shunt
compensation
3

Gas-insulated line
(GIL)
10

Classic HVDC +
overhead line
7

Classic HVDC +
cable

8

VSC-HVDC +
overhead line

4

VSC-HVDC +
cable

(f ive times the line)

3

Adverse effect on overall appearance
of land

Extent

10

10

4

380 kV overhead
line

Ecological impact in the event of
failure

High 1
Average 6
Low 10

Ecological effects

Combined f igure based on consumption of nonusable land due to overvoltage/rights of w ay on
the one hand and soil sealing on the other hand.

Land consumption

4000 MW - 400 km

1

8

10

1

750/800 kV
overhead line

10

4

1

2

380 kV underground
cable with shunt
compensation

10

3

5

4

Gas-insulated line
(GIL)

5

8

10

10

Classic HVDC +
overhead line

10

1

1

7

Classic HVDC +
cable

(Change due to 2
systems)

4

8

10

(Change due to 2
systems)

8

VSC-HVDC +
overhead line

10

4

1

7

VSC-HVDC +
cable

Annual costs (euros/year) are calculated using the annuity method. The duration is calculated as 40 years. Investment costs are scaled from available sources in relation to the costs f or 380 kV overhead lines. The interest rate for investments is 7% and is
determined as a combined rate consisting of the interest rates f or assets and debts. Losses are calculated on the basis of a simplif ied w ind profile. Loss costs are set at 60 euros/MWh in the first year (2010 in this case) and the associated price increase at
5% per year over the next 40 years [netw ork operators]. Operating costs are determined as a percentage of investment costs (dif ferent f or cables and overhead lines). The rate of inf lation is set at 3% [netw ork operators]. Annual costs determined in this w ay
w ere entered on a linear scale of 1 (highest costs) to 10 (low est costs) and a corresponding rating w as calculated.

Cost-effectiveness

4000 MW - 400 km
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System behaviour/system compatibility

No impact 1
With impact 10

Impact on system reliability;
ability to dampen electromagnetic
vibrations

Not possible 1
Partly possible 6
Possible 10

Load flow controllability

Low 1
Average 6
High 10

Thermal time constant (suitability for
flexibilisation measures)

Complex and expensive 1
Simple and inexpensive 10

Possible integration with existing
three-phase current system

No contribution to short-circuit pow er in the region
1
Contributes to short-circuit pow er in the region 10

Effects on the short-circuit level

Total loss of transmission capacity
Limited continued operation possible
% from Pn 1 to 10

Behaviour in the event of failure

Great f luctuations 1
Small fluctuations 6
Reactive pow er can be regulated 10
+costs for reactive pow er

Reactive power behaviour

4000 MW - 400 km
6

750/800 kV
overhead line

No damping impact

1

1

Cooling ef fects, therm.
limit, f lexibilisation due to
monitoring

10

10

75% longitudinal
impedance

10

4 systems

10

No damping impact

1

Due to relatively low
additional costs, feasible
if transf ormers used as
quadrature regulators

3

Cooling effects, therm.
limit, transformer

No damping impact

1

1

Shortening of service life

3

No damping impact

1

1

Up to 200% overload
capacity

10

Great deal of shunt
compensation. Resonances,
harmonics, varying surge
impedance

Large transf ormers (not
as signif icant in the case
of longer lengths)

8

6
Shunt compensation
required, but not as much as
w ith 380 kV cable option.
Harmonics, varying surge
impedance

68% longitudinal impedance

10

2 systems

6

2

Cable longitudinal impedance
100%

3

Classic HVDC +
overhead line

Suitable f or vibration
damping

10

10

Rated capacity =
upper limit

1

1

No short-circuit
contribution

1

1 system, metallic
return

6

Shunt compensation
Shunt compensation
required, but not as much as
required
w ith 380 kV cable option

3

Gas-insulated line
(GIL)

7

8

10

5 systems

7

Great deal of shunt
compensation

1

380 kV underground
cable with shunt
compensation

380 and 750 kV overhead
line approx. the same
around 76% longitudinal
impedance) Assumption:
3 individual poles at 1500
MVA each

1 system

1

No compensation
required, half reactive
No compensation required
pow er range as w ith 380
kV overhead line

4

380 kV overhead
line

10

10

Rated capacity =
upper limit

1

controllable

3

Ik = rated current

2

2 systems

6

controllable

10

VSC-HVDC +
overhead line

Suitable for vibration Suitable f or vibration
damping
damping

10

No rapid reversal of
direction

8

Rated capacity =
upper limit

1

1

No short-circuit
contribution

1

2 systems, bipolar

8

Shunt compensation
required

3

Classic HVDC +
cable

Suitable for vibration
damping

10

10

Rated capacity =
upper limit

1

controllable

3

Ik = rated current

2

3 systems

7

controllable

10

VSC-HVDC +
cable

Annex B:
Supplementary analysis of expanded potential for demand side management measures
B1

Background and aim of analysis

The main part of this study contained initial investigations of the significance of demand side
management (DSM) in the integration of renewable energy in the electricity system. For this
purpose, the impact of DSM on the German spot market and the reserve capacity markets was
analysed. In particular, this focused on DSM processes in households and the energyintensive industrial sector, with the applications that were looked at summarised as load shedding processes and load shifting processes. In the results, the conservative assumptions concerning the potential for DSM measures led to a moderate development of DSM in Germany
and thus to a limited impact on the electricity system.
To expose the cause-effect relationships found in demand side management in more detail and
to illustrate the sensitivities of the assumptions concerning DSM potential, additional scenarios on the basis of the reference scenario have been analysed within this excursus.. Compared
to the previous investigation, these scenarios make optimistic assumptions about DSM potential. First of all, additional sectors are taken into consideration. Furthermore, lower costs due
to a stronger cost e.g for connecting the process to the electricity market are assumed.
To enable a more precise analysis of the individual applications, their impact on the spot market and reserve markets, as well as the effects of various DSM promotion policy mechanisms
and the promotion of smart meters through the EU's 3rd Energy and Climate Package, it is
necessary to draw a more detailed picture of the individual DSM processes. The focus of the
investigation in the main part of the study was on the areas of energy-intensive industrial
processes and households. The analysis here has been extended to include, in particular,
cross-sector technologies in industry and applications in the trade and services sector. For this
purpose, the Energiewirtschaftliche Institut (Institute of Energy Economics; EWI) at the University of Cologne has developed a more detailed model and incorporated these additional
sectors into it. The potential for DSM measures was incorporated for the trade and services
sector as well as for the household sector and energy-intensive industrial processes. Additionally, it was assumed that certain cross-sector technologies that are used in a wide range of different industries can be used for DSM. In the context of municipal utilities, sewage treatment
plants are particularly suitable for DSM and were therefore taken into consideration.
Besides the inclusion of cross-sector technologies in trade and services and the industrial sector, the following changes were incorporated into the scenario:
Although the reference scenario only enables potential to be tapped for tertirary reserve, the more detailed scenarios assume that pooling and central control of processes
will in future enable potential for secondary and primary energy to be tapped as well.
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It is assumed that adequate framework conditions will be put in place in terms of prequalification requirements for demand side management and, in particular, for the
provision of pooled processes. 210
In the roll-out scenario, it is assumed that the policy governing minimum requirements
for electricity meters will become stricter. The meters currently prescribed for use in
Germany are not capable of supporting balancing power. From an economic perspective, it is expected that Germany's legal regulations (within the scope of the EU regulations) will be tightened. In order to provide balancing power, meters require a bidirectional connection and, therefore, the option of controlling consumption units centrally. Additionally, the time resolution of the measuring points needs to be increased
to enable real-time monitoring of the end consumer's changes in consumption.
The roll-out scenario also assumes that the coming years will see further promotion of
device installation through policy (in addition to the German Energy Industry Act
2008 requirements for installing smart meters in new buildings or during extensive
renovation work), as well as a requirement to install smart meters within the context of
routine device replacement. From 2016 onwards, it is assumed that smart meters will
be forcibly rolled out in all sectors within Germany.
In the household sector, a differentiated view of various household types (in relation to
size and installed heating/hot water systems) is implemented in the model.
The reference scenario is therefore based on conservative assumptions when compared to the
more detailed scenarios. Only the potential expected under the current specifications is determined in the reference scenario in the main part of this study. However, relatively optimistic
scenarios for tapping DSM potential are used as a basis for the more detailed scenarios described in the next section. It is also assumed that the opening up of the DSM potential will be
accelerated as pre-qualification requirements and policy framework conditions change.
This investigation is divided up as follows: In Section B2, the differences in determining potential compared with the analysis in the main part of this study are highlighted for both the
household sector and energy-intensive industrial processes. Additionally, the procedure for
determining potential (from a technical perspective) is explained for the trade and services
sector, cross-sector industrial technologies and sewage treatment plants, and the processes involved in each case are described. B2.3.2 illustrates the altered procedure for determining
costs for DSM measures (as compared with the investigation in the main part of the study).
There is then a brief description of how the new model is implemented within the context of
the DIME electricity market model. Section B5 contains descriptions of the scenarios being
investigated. Following this, the key results of the scenario analysis are presented.

210 The verification of the actually reserved capacity is one problem that is currently being faced. There are also
unanswered questions concerning regulation as well as legal problems with non-compliance. Additionally,
the long lead times and tendering periods that are required to last a month represent yet another obstacle. The
problems caused by the long lead times could in some cases be mitigated by pooling various processes. However, over the medium term it will be necessary to make adaptations to the pre-qualification requirements in
order to make full use of DSM potential.
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Figure B-0-1:

B2

Overview of assumptions in the reference scenario and the supplementary analyses

Potential of demand side management processes

Compared to the investigation in the main part of the study, the individual DSM processes are
analysed in more detail within this excursus. This involves changing how the household and
energy-intensive industrial processes that were already taken into account in the main part are
represented and incorporating new processes in the trade and services, industrial and municipal utilities sectors. This is explained in more detail in the next section.

B2.1

Potential in the household sector

While the investigation in the main part of this study summarised all the processes in the
household sector as load shifting and load shedding processes, this excursus illustrates the
household sector in greater detail. This involves creating models for two types of dwellings:
houses and blocks of flats (with twenty tenents). These two categories are further divided on
the basis of both the heating systems installed (night storage heaters, heat pumps, circulation
pumps and other systems) and the hot water systems (electrical and non-electrical hot water
generation). As a result, seven typical household categories are defined both for houses and
for blocks of flats; these are characterised by a specific profile relating to the applications
used in each case (number of washing machines, dishwashers, and so on). All housing in
Germany was divided up according to these fourteen household types.
To determine the potential of DSM in the household sector, data concerning storage capacity
and available installedcapacities in various processes was used and allocated to each of the
household categories. Additionally, simplified time profiles within which the installedcapaci-
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ties are available were assumed. The data is based on various studies, particularly
Stadler (2006) and EWI/Prognos (2007). 211
Due to the new procedure and the more current data, the technical potential for the various
applications in the household sector is assumed to be slightly different from that identified by
the investigation in the main part of the study. Overall, an average positive DSM potential of
7,029 MW and negative potential of 32,049 MW for DSM can be determined using the procedure described above. 212 However, this only represents the technical potential for DSM.
To reach a conclusion about the economically useful potential, it is necessary to draw also on
information concerning the cost structure. 213
Figure B-0-2: Overview of average DSM potential in the household sector

Source: EWI (2010). 214

To determine the potential of DSM in the household sector, data concerning storage capacity
and available installed capacities in various processes was gathered. Additionally, simplified
time profiles within which the installed capacities are available were created.
The overall energy consumption for each of the considered technologies and processes in
Germany was taken from energy statistics and existing research on cross-sector technologies
(e.g. DESTATIS). Current trends and forecasts were then extrapolated in order to calibrate the
model years concerned. For the purpose of characterising capacity/time dependencies, Stadler
211 Stadler, I. (2006), EWI/Prognos (2007) and BWP (2009), among others, served as a basis for this.
212 “Average” means that the potential has been determined on the basis of the average load. In some cases, seasonal load fluctuations and daily load curves (taken into consideration in the model itself) lead to significant
seasonal and/or hourly deviations in potential.
213 DSM process may indeed offer a comparatively large degree of potential reserve capacity, but the potential
for the balancing power that is actually drawn is generally limited. This is due to technical and processrelated restrictions relating to the number of times the power is drawn and the size of downstream storage facilities.
214 The figure is based on our own calculations, which in turn are based on data from Stadler, I. (2006),
EWI/Prognos (2007), Großcurth (2008) and BWP (2009).
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(2006) not only carried out measurements on processes in the laboratory and in test objects,
but also converted processes into models. Based on this information, it is possible to use diffusion rates to show a pro rata temporal development in the integration of overall potential.In
Prior (1997) the household electricity consumption in Germany and its load profiles are investigated in detail. Among other things, this includes creating usage profiles for all electrical
devices. There are different profiles for both the summer and winter months as well as for the
day groups "Monday - Friday", "Saturday" and "Sunday".
The parameters of the individual technologies outlined below merely provide information
about the technical potential of the applications; they do not give any indication as to their
economically useful potential.
Figure B-0-2 provides an overview of the average DSM potential of individual applications in
the household sector, in relation to the total electricity consumption of the application concerned. Here, circulating pumps offer the highest positive DSM potential, whilst night storage
heaters offer by far the highest average negative potential. Due to the role that technical restrictions and typical load curves have to play in this respect, a high level of power consumption does not automatically result in high average potential for DSM measures.
For a description of the individual processes under consideration, as well as of the electricity
consumption, installed capacity, typical load structure and technical restrictions, please refer
to the investigation in the main part of this study.

B2.2

Potential in the trade and services sector

In the trade and services sector, potential for DSM measures is determined on the basis of optimistic assumptions (as with the household sector). This excursus shall illustrate the potential
of the trade and services sector, something which was not taken into consideration in the conservative investigation in the main part of the study.
This section is divided up as follows. First, it the significance of DSM-compatible processes
in the entire trade and services sector is outlined. Following this, the procedure used for collecting data and determining potential are explained. The individual processes are then described and their potential is demonstrated.
B2.2.1 DSM processes in the trade and services sector
Electricity consumption in the trade and services sector is on an upward trend, rising from
136 TWh in 2004 to 145 TWh in 2007. 215

215 See Tzscheutschler et al. (2009), S.10-11.
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Figure B-0-3:

Overview of trade and services applications under consideration

Source: EWI (2010). 216

Like the household sector, not all electricity-intensive applications can be used for DSM
measures in the trade and services sector. The graphic on the left in Figure B-0-3 shows the
percentage of total electricity consumption in the trade and services sector that each application accounts for. Just 29% of electricity consumption can be attributed to processes that
demonstrate potential for DSM; these can be divided into the categories of process cooling,
process heating, air conditioning, ventilation and heating systems. The graphic on the right
shows each application as a percentage of the total electricity consumption of all applications
with DSM potential in the trade and services sector. Here, process cooling applications account for the largest percentage at around 31% of consumption, followed by ventilation systems (28%) and heating systems (23%).
B2.2.2 Methodology
In addition to electricity consumption, in the trade and services sector also the technical conditions and typical load curves for each of the applications have to be taken into account in
order to determine the existing DSM potential. The procedure used in the trade and services
sector is similar to the one used in the household sector. Each application that is suitable for
DSM is divided into different areas of commerce (offices, trades, supermarkets, etc.). These
sub-types account for a specific percentage of installed capacity and electricity consumption.
Based on the typical load curves and technical restrictions placed on the respecitve application, it is possible to determine the potential for DSM measures for each sub-category as well
as for the whole application, aggregated for the entire trade and services sector.

216 The figure is based on our own calculations, which in turn are based on data from ISI/IfE/GfK (2009),
Steimle, F. et al. (2002), Stadler, I. (2006), De Almeida, A. et al. (2000), and Klobasa, M (2009).
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The process of determining potential is chiefly based on analyses in Stadler (2006) and data
from a Fraunhofer ISI study. 217 In the latter, over 200 interviews were conducted with a representative sample of companies.
Figure B-0-4: Overview of average DSM potential in the trade and services sector

Source: EWI (2010). 218

The procedure described above produces, in total, an average positive potential of 2,420 MW
and an average negative DSM potential of 14,275 MW for the trade and services sector. 219
The potential for the individual applications determined using this method and illustrated in
the sections that follow only represents the technical potential; it does not give any indication
as to the economically useful potential.
As a summary, Figure B-0-4 provides an overview of the average DSM potential of the individual applications in the trade and services sector. For each case, it shows the average positive and average negative potential, plus the total electricity consumption of the application
concerned. The largest positive and largest negative DSM potential are found in heating systems, although electricity consumption is only the third-highest here. This can be attributed to
the technical restrictions and load curves that apply in each case.

217 See ISI/IfE/GfK (2009).
218 The figure is based on our own calculations, which in turn are based on data from ISI/IfE/GfK (2009),
Steimle, F. et al. (2002), Stadler, I. (2006), De Almeida, A. et al. (2000), and Klobasa, M (2009).
219 “Average” means that the potential has been determined on the basis of the average load. In some cases, seasonal load fluctuations and daily load curves (taken into consideration in the model itself) lead to significant
seasonal and/or hourly deviations in potential.
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B2.2.3 Process cooling
Process cooling applications present the largest potential for demand side management in the
trade and services sector. The main application here is food cooling in the retail industry,
which accounts for almost three-quarters of the total electricity consumed by technical generation of cooling. The cooling devices used for this purpose range from small plug-in refrigerators, which are mainly used by small retailers, right up to large multicompressor refrigeration systems which supply several refrigerators in large warehouses with cooling via a central
system.
Process cooling accounts for around 8.8% of the total electricity consumption in the trade and
services sector. In 1999, this corresponded to an electricity consumption level for food cooling of 9.8 TWh, of which 64% (and thus by far the largest percentage) could be attributed to
supermarkets. 220
In the trade and services sector, cooling devices are used for DSM measures in the same way
as in the household sector; therefore, there is both positive and negative DSM potential. Depending on the type, insulation and filling methods of the refrigeration units, the use of cooling compressors can be shifted by half an hour to two hours each day without the food warming up to critical temperatures.
Figure B-0-5: Positive and negative DSM capacity of refrigeration units in food markets in the trade and services sector
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At around 1.2 GW, the maximum positive DSM capacity available is considerably lower than
the maximum negative DSM capacity of 2.8 GW, although it is available for a longer period
(see Figure B-0-5). On average, this corresponds to a positive potential of around 656 MW
and a negative potential of around 367 MW.
B2.2.4 Process heating
The use of process heating for DSM measures is limited to electric hot water generation, as
other applications that use heating technology are usually essential for production and thus
cannot be interrupted. In the trade and services sector, DSM capacity is provided by means of

220 See Steimle, F. et al. (2002), source: Stadler, I. (2006), pp. 101-102.
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process heat in the same way as DSM capacity for providing electric heat in the household
sector.
In 2003, the electricity consumption of process heat in the trade and services sector was
around 32.5 TWh, with 40% or around 13 TWh of this used for generating hot water.221
For technical reasons and due to the purpose of use, only 25% of the installed capacity can be
used for DSM. 222 On the whole, this results in an average potential of 107 MW positive and
730 MW negative DSM capacity.
B2.2.5 Ventilation systems
A ventilation system can be used as an electric storage facility when combined with a room or
building filled with air. The actual storage medium is the air, with the charging status of the
storage facility determined by the air quality. The ventilation system can be switched off or
operated at low intensity until the air quality drops to a certain limit value. Once this value is
reached, the storage facility is "discharged" and the ventilation system must be switched on
again to increase the quality of the air in the room. The ventilation system can thus be used for
load shifting, in the same way as heating systems.
In 1997, the electricity consumption of fans with a power rating of between 1 kW and 500 kW
was around 43.2 TWh in Germany. Of this, around 52% or 22.5 TWh was attributable to the
trade and services sector.223 However, in the years leading up to 2020, we can assume a (realistic) electricity savings potential of 3.5% to 8.3% and therefore, if the number of fans remains constant, a drop in electricity consumption in this area.
For ventilation systems, the trade and services sector demonstrates an average positive DSM
potential of 476 MW and an average negative potential of 1,372 MW.
B2.2.6 Air conditioning
Air conditioning systems act as energy storage facilities in a similar way as the process cooling applications described above, with the cooling energy stored in the form of cool ambient
air. Provided the ambient temperature is below the temperature defined as the limit value, the
cooling compressors can be switched off or run at a reduced level temporarily. However, as
soon as the upper temperature limit is reached, the cooling compressors must run at aboveaverage levels in order to restore the desired ambient temperature. The storage duration depends on the external temperature and the building insulation, but is no more than one hour.
In principle, large centralised systems and decentralised systems with remote-control thermostats are primarily suitable for DSM measures. 224

221 See Enquete Kommission Nachhaltige Energieversorgung (Enquiry Commission for Supplying Sustainable
Energy), source: Stadler, I. (2006), p. 62.
222 See Stadler, I. (2006), p. 63.
223 See Radgen, P. (2001), source: Stadler, I. (2006), p. 88.
224 See Klobasa, M. (2009), p. 77.
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In the trade and services sector, the total installed capacity was estimated at 2.7 GW and electricity consumption at 1.7 TWh in 2009. 225 Over the long term, we can assume that there will
be an increase in air-conditioned areas within the German trade and services sector, and that
the installed capacity and electricity consumption will therefore double by 2030. 226
Assuming that 75% of the installed capacity can be used for demand side management, 227
this results in an average DSM potential of 436 MW positive capacity and 2,330 MW negative capacity. Since air conditioning units are, by their nature, only used on the warmest days
of summer, their identified potential is only available in summer.
B2.2.7 Heating systems – Night storage heaters
As with the household sector, night storage heaters offer huge potential for DSM in the trade
and services sector. Technically speaking, they operate in exactly the same way as in the
household sector. Therefore, for a more detailed explanation, we advise you to refer to the investigation in the main part of this study. In 2006, a total of 6.5 TWh was consumed in the
trade and services sector for space heating systems with electric night storage heaters. 228
Just as with the household sector, night storage heaters in the trade and services sector are
subject to specific load fluctuations based on the time of day and season. The average positive
DSM potential that is available is 747 MW, whilst the average negative DSM potential is
much higher, at 9,475 MW.

B2.3

Potential in the industrial sector

In addition to the individual energy-intensive processes looked at in detail in the main part of
this study, certain cross-sector technologies in the other industries also demonstrate potential
for DSM. In the context of this investigation, it is assumed that cross-sector technologies will
be forcibly integrated into the electricity market in the industrial sector too. By pooling these
processes, it is possible to tap potential in the areas of compressed air applications, process
cooling and ventilation. In the considered scenarios, besides including cross-sector technologies, the representation of the individual process is refined and adapted in line with the reference curve from 2008, using the latest statistics. The section that follows starts by demonstrating the significance of DSM processes for both energy-intensive industrial processes and
cross-sector technologies in the industrial sector. This is followed by an explanation of the
procedure used for determining potential. Then the updated potential for the individual energy-intensive processes are presented.Finally, the processes and potential of the cross-sector
technologies are explained.

225 Calculation based on ISI/IfE/GfK (2009), p. 20.
226 See Klobasa, M. (2009), pp. 76-77.
227 See Klobasa, M. (2009), p. 77.
228 Calculation based on ISI/IfE/GfK (2009), p. 20.
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B2.3.1 DSM processes in the industrial sector
In 2007, around 227 TWh of electricity were consumed in the industrial sector, representing a
moderate increase compared to the year 2003 (210 TWh consumption). 229
Figure B-0-6:

Overview of industrial sector applications under consideration

Source: EWI (2010). 230

In the same way as with the household and trade and services sectors, it is not possible to use
all processes and technologies for DSM measures in the industrial sector. The graphic on the
left in Figure B-0-6 shows how the overall electricity consumption is divided up into percentages representing each of the technologies and industrial processes. Overall, applications accounting for around 45% of the electricity consumption in the industrial sector can be used for
DSM purposes. These may be attributed to either cross-sector technologies or certain
branches of industry. The graphic on the right shows each cross-sector technology or industrial process as a percentage of the total electricity consumption of the applications with DSM
potential in the industrial sector. Here, energy-intensive industries account for 53% and crosssector technologies account for the remaining 47%.
B2.3.2 Methodology
As with the other two sectors, it is not only electricity consumption that matters when determining the potential for DSM measures in the industrial sector: typical load curves and technical restrictions are also important. In the industrial sector, two different methods were used
for identifying processes and technologies that are suitable for the provision of demand side
management.

229 See Tzscheutschler et al. (2009), pp. 10-11, and Geiger, B. et al. (2005), p. 54.
230 The figure is based on our own calculations, which in turn are based on data from Tzscheutschler et al.
(2009), Radgen, P. (2001), Steimle, F. et al. (2002), Stadler, I. (2006), De Almeida, A. et al. (2000), and Klobasa, M (2009).
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Figure B-0-7: Overview of average DSM potential of individual energy-intensive processes in the industrial sector

Source: EWI (2010). 231

Like the procedure used in the investigation in the main part of this study, a bottom-up approach was used first in order to determine the most energy-intensive industrial processes for
which electricity costs account for a particularly large share of gross value added. 232 These include processes in the paper industry, chemical industry, aluminium industry, steel industry
and cement industry. The potential which is technically possible is determined on the basis of
company surveys, as well as on data concerning quantities produced, electricity intensity in
the production process concerned, full load hoursand the proportion which can be used flexibly. This data is scaled up to the total potential in Germany by means of averaging, using the
production quantities concerned as a basis for this.
In sum, this procedure results in an average positive DSM potential of 1,811 MW and an average negative DSM potential of 410 MW for individual energy-intensive industrial processes. 233
Figure B-0-8 shows the potential of the individual processes in relation to the electricity consumption of the entire industrial sector. Here, it should be noted that the chemical industry accounts for the majority of the positive potential, whilst the steel industry demonstrates the
highest negative potential. The graphic above shows the technical potential of each process
(though not necessarily the economic potential).

231 The figure is based on our own calculations, which in turn are based on data from Tzscheutschler et al.
(2009), Radgen, P. (2001), Steimle, F. et al. (2002), Stadler, I. (2006), De Almeida, A. et al. (2000), and Klobasa, M (2009).
232 Some of these processes are flexible in that they are already pre-qualified for use as tertiary reserve.
233 “Average” means that the potential has been determined on the basis of the average load. In some cases, seasonal load fluctuations and daily load curves (taken into consideration in the model itself) lead to significant
seasonal and/or hourly deviations in potential.
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Figure B-0-8: Overview of average DSM potential of cross-sector technologies in the
industrial sector

Source: EWI (2010). 234

Additionally, key cross-sector technologies found in almost all branches of industry were
identified. These technologies include process cooling, compressed air and ventilation systems, which were classified for each branch of industry. The overall electricity consumption
of each technology was assigned to the relevant branches of industry and typical load curves
and technical framework conditions were assumed. To calculate the electricity consumption
of the individual processes, information was taken from current studies and trends and developments were extrapolated. 235
For cross-sector technologies in the industrial sector, in total this produces an average positive
DSM potential of 4,722 MW and an average negative DSM potential of 3,523 MW. Figure
B-0-8 shows the average positive and negative potential of the individual technologies, plus
the respective electricity consumption. The largest positive potential is in the area of process
cooling, whilst compressed air accounts for the largest negative potential.
B2.2.3 Changes in assumptions for individual energy-intensive processes
Where individual energy-intensive processes are concerned, the basic procedure for determining potential remains the same. However, since the latest statistics concerning production
quantities were used, the technical potential is slightly different in each case. 236

234 The figure is based on our own calculations, which in turn are based on data from Tzscheutschler et al.
(2009), Radgen, P. (2001), Steimle, F. et al. (2002), Stadler, I. (2006), De Almeida, A. et al. (2000) and Klobasa, M (2009).
235 The calculations are based on Tzscheutschler et al. (2009), Radgen, P. (2001), Steimle, F. et al. (2002),
Stadler, I. (2006), De Almeida, A. et al. (2000) and Klobasa, M (2009).
236 The calculations are based on BDZ (2010a) in the case of the cement industry, on VCI (2009) and (for the
division into percentages) on VCI (2005) in the case of the chemical industry, on GDA (2010) in the case of
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Table B-0-1:

Calculation of the technical DSM potential of electricity-intensive
industrial processes

Source: EWI (2010).

Individual adjustments affecting the proportion of electricity which can be used flexibly and
full load hours are also specified on the basis of recent findings. This means that a smaller
proportion for flexible use is assumed for electric arc furnaces (70% instead of 100%), and a
smaller proportion for flexible use (65% instead of 100%) plus a longer period of full use
(7,500 h instead of 6,100) are assumed for mechanical pulp processing.
Table B-0-1 contains a summary of the assumptions and the resulting potential for DSM
measures calculated in energy-intensive industrial processes.
B2.3.4 Cross-sector technologies
B2.3.4.1

Compressed air

In Germany, around 62,000 compressed air systems with an installed capacity of 4,278 MW
are operated, which amounts to an annual electricity consumption of approximately
14 TWh.237
Generally speaking, compressed air systems are not operated in a continuous manner. It is
possible to distinguish between four different operating states: standstill, no-load operation
without compressed air production (30% electricity consumption), part-load operation and
full-load operation with maximum compressed air (maximum electricity requirement). Here,
the compressed air tanks are used as storage facilities to compensate fluctuations in electricity
and differences between compressed air generation and extraction. However, they require

the aluminium industry, on VDEW (2007) in the case of the steel industry, and on VDP (2010) in the case of
the paper industry.
237 See Industrie Energieeffizienz (2010) and VDI (2002), source: Stadler, I. (2006), p. 142, as well as our own
calculations based on Tzscheutschler, P. (2009), De Almeida, A. (2000), Radgen, P. (2001), Stadler, I. (2006)
and Klobasa, M. (2009).
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some minutes to bypass a compressor standstill. The potential for DSM measures is dependent on the storage capacity. This results in an average positive DSM potential of 1,598 MW
and an average negative DSM potential of 2,680 MW.238
B2.3.4.2

Ventilation systems

Ventilation systems are used for DSM measures in the industrial sector in the same way as
they are operated in the trade and services sector. In the industrial sector, ventilation systems
with a capacity of around 1,215 MW are installed; these consume approximately 10.8 TWh of
electricity per year.239 Based on the typical operating method described in Section 0, it is possible to determine an average positive DSM potential of 1,075 MW and an average negative
DSM potential of 141 MW.
B2.3.4.3

Process cooling

In the industrial sector, process cooling can be used for demand side management in exactly
the same way as process cooling in the trade and services sector or cooling systems in the
household sector. The food industry accounts for by far the largest proportion of electricity
consumed for process cooling in the industrial sector. It is possible to distinguish between
three different areas: normal cooling (NC), which refers to applications with a temperature between +10° and -1°C; freezing (F) applications in the -20° to -30°C range; and deep-freezing
processes with typical temperatures of around -40°C.240 Only the NC and F can be considered
for DSM measures, as deep-freezing processes cannot provide significant storage capacities
without having a direct impact on production. However, even for NC, there are some applications that are not suitable for DSM as it is critical that products are cooled rapidly. In 1998,
the total electricity consumption in the NC and F areas was 12.94 TWh, with an estimated installed capacity of 2,180 MW. This equates to an average positive DSM potential of
1,478 MW and negative potential of 703 MW. 241
The chemical industry is also responsible for a large proportion of the electricity consumed
through process cooling: in 1998, it consumed around 5 TWh of electricity with an estimated
installed capacity of 572 MW. 242 In terms of DSM measures, process cooling can only be
used for load shedding in the chemical industry (in the same way as electric steel processes),
as there is no possibility of storage. Consequently, this area only demonstrates positive DSM
potential amounting to an average of 572 MW.
On the whole, process cooling in the industrial sector demonstrates an average total positive
potential of 2,049 MW and an average total negative potential of 703 MW.
238 See Stadler, I. (2006), p. 162.
239 Own calculations based on Tzscheutschler, P. (2009), De Almeida, A. (2000), Radgen, P. (2001), Stadler, I.
(2006) and Klobasa, M. (2009).
240 See Steimle, F. et al. (2002).
241 Based on Steimle, F. et al. (2002), food industry without deep-freezing processes.
242 See Steimle, F. et al. (2002), p. 27, chemical industry.
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B2.4

Potential in municipal utilities

Within the context of municipal utilities, waste water treatment accounts for almost 20% of
electricity consumption, on average. Due to the high specific energy consumption of each system and the technical requirements specified for certain processes within the system, sewage
treatment plants in the municipal sector in particular demonstrate high technical potential for
demand side management and are thus taken into account as part of this analysis. Since the
underlying processes are considerably different from the classifications which were used previously for DSM in the trade and services sector, these will be referred to separately in this
section.243 In accordance with the classification criteria set out by the German Waste Water
Ordinance, there are three different size classes of sewage treatment plants. According to the
definitions, small plants are used for populations of up to 10,000, medium-sized plants for
populations from 10,000 to 100,000, and large plants for populations over 100,000.
The annual electricity consumption of the approximately 10,000 municipal sewage treatment
plants in Germany is around 4.4 TWh. Of these, around 0.6 TWh are attributable to the approximately 7,700 small plants, around 1.6 TWh to the 1,960 medium-sized plants, and
around 2.2 TWh to the 268 large plants. In total, municipal sewage treatment plants are responsible for around 20% of electricity consumption by municipal utilities.244
Today, many sewage treatment plants are already equipped with electronic control and measurement systems, which enable control of the individual process steps. At around 1.7 TWh,
ventilation systems are responsible for by far the largest electricity consumption of the individual process steps. However, making use of this potential is difficult as the process is subject to strict limit values and legal regulations. Depending on the plant, the different ventilation processes can be switched off for half an hour to a maximum of two hours per day. Additional DSM potential can be found in sludge drainage (around 0.2 TWh) and infeed lifting
equipment (around 0.4 TWh). The time when mechanical sludge drainage is carried out can
be shifted within a day. Depending on the load profile of the plant, the capacity for infeed lifting equipment can be halved during certain periods.
Overall, around 48% to 51% of the load in the processes described above can be used for
DSM, so it is possible to assume an average positive DSM potential of 131 MW for the whole
of Germany. 245

243 When determining the potential in the trade and services sector and municipal utilities, the electricity consumption levels for cross-sector technologies as determined in Fraunhofer (2009) were assumed. In Fraunhofer (2009), the cross-sector technologies in municipal utilities are mostly assigned to the trade and services
sector. However, waste water treatment plants (key 90 acc. to WZ 2003) are explicitly excluded from the investigation in Fraunhofer (2009). Whilst other municipal utilities are thus already included in the calculation
for cross-sector technologies in the trade and services sector discussed previously, the technical potential for
sewage treatment plants is determined and presented separately at this point.
244 See Haberkern, B. et al. (2006).
245 The potential for DSM is determined on the basis of discussions with experts.
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B3

Costs of demand side management

The previous section established the technical potential of demand side management in individual processes. As with the investigation in the main part of the study, this investigation
also requires the DSM processes to be incorporated into the model representing Germany's
electricity supply according to the merit order.For this purpose, in addition to the potential it
is necessary to determine the costs associated with integrating the demand side into the energy
management.
The basic cost categories (variable costs, fixed operating costs and investment costs) are the
same as those used by the investigation in the main part of the study. Therefore, please refer
to this main part for a more precise definition of the categories. However, the process of determining each of the DSM cost differs from the process used for the investigation in the main
part of the study; this process is explained below. A different procedure for determining cost
was selected for each of the four areas under consideration (the household sector, industrial
sector, trade and services sector and municipal utilities).

B3.1

Costs of demand side management in the household sector

In order to use a household for DSM measures, two types of investment costs are required.
First of all, the household must be fitted with a central smart meter (this is a basic requirement). The costs of the smart meter are the same for all household types246 and amounted to
€1,200 in 2008 (prototype costs). 247 Additionally, it can be assumed that the meters will be
mass-produced by 2020 so that there will be a corresponding reduction in costs as a result. It
is assumed that a reduction in costs for smart meters may reach around 7% per year.
In order to use a specific application in the household for DSM, however, it is not enough to
simply install a smart meter. In addition to this, the application concerned (e.g. the refrigerator) must be fitted with a control box. Only then is it possible to use this specific household
application for DSM purposes. Each control box costs €300, regardless of the type of household application involved. Each box can control two devices in a decentralised manner and
communicate with them. It is also assumed that these will be mass-produced by 2020 and that
manufacturers of white goods, for example, will integrate the chip in their devices; this means
that we can assume a reduction in costs of 7% per year for control boxes too.
Investment costs in the household sector thus consist of costs for the central smart meters and
costs for the control boxes for the individual applications. Within the model, installation costs
are defined as costs per kW. Since each device has a different average installed capacity, the
specific costs per kW vary widely, even though the costs for smart meters and control boxes
246 As explained in Chapter 0, all the existing dwellings in Germany were divided up into 14 household types
(according to houses and blocks of flats, as well as according to the type of heating and hot water generation
systems used). Each of these 14 “typical” household types is characterised by specific key figures (e.g. number of washing machines, etc.).
247 This involved microcomputers with appropriate interfaces and a bidirectional connection. These devices are
run by a central operator, which controls and pools demand potential and enables billing that is precise to within
a second.
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do not change. The specific costs of control boxes depend on the number of devices that can
be connected and on the electricity consumption. In the case of blocks of flats with a centralised heating system, it is enough to connect just one control box. This means lower specific
electricity costs per connected MW as compared with a house. Generally speaking, specific
investment costs in blocks of flats are lower than in houses, as one smart meter may be used
per house.248 Therefore, considerably more kW can be obtained per invested euro in blocks of
flats (see Table 20-3).
The assumptions concerning investment costs for DSM in households are based on interviews
with experts from supply companies and energy system providers. Based on the historical development of the mobile wireless industry, it was assumed that learning curve effects will be
experienced at a learning rate of 7% in the years leading up to 2020 (if the cumulative output
is doubled, the investment costs will drop by 7%). By 2015, "intelligent" applications that are
not dependent on additional energy management systems may also have been launched on the
market, allowing for a further reduction in investment costs. 249
Due to the generally wide availability and cost-effectiveness of wired Internet connections, no
annual fixed operating costs are assumed for DSM measures in the household sector. This is
an optimistic assumption when compared with the investigation in the main part of the study.
It is also assumed that predominantly these households will be connected in which a wired
Internet connection is already installed.
As a basic requirement, household consumers must receive incentives or be compensated for
loss of use (e.g. loss of flexibility when using washing machines, dishwashers and tumble
dryers). Since there is insufficient data concerning how much compensation is required, the
analysis abstracts fromthis information is meaning that the household sector only faces variable costs of €1/MWh. Additionally, efficiency losses are assumed for the various household
applications; these losses are at different levels depending on the particular process involved.
For example, efficiency losses are experienced in cooling applications through the use of the
range of temperatures within the refrigeration equipment. This involves more cooling effort
compared with continuous cooling.

B3.2

Costs of demand side management in the trade and services sector

As with the household sector, two types of investment costs are required in the trade and services sector in order to use a process as a DSM measure: the costs for a smart meter (€1,200)
and the costs for a control box (€300). These also involve costs for prototypes with a high annual cost degression up to 2020. Unlike households, in the trade and services sector there are
no interdependencies between the individual applications within an operating unit. Each DSM
application requires both a separate smart meter and a control box to be installed. For exam-

248 At present this is not possible from a technical perspective, meaning that a smart meter must be installed for
each household. However, in the future it can be assumed that only one smart meter will be required per residential building.
249 For a detailed investigation of DSM investment costs in households, see von Wissel, A. (2008). This study
also serves as a basis for the investment cost assumptions made for the household sector.
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ple, if a cooling process is already used for DSM purposes in a plant, for which a smart meter
has therefore already been installed, a second smart meter will need to be installed if the ventilation system is also to be used for DSM purposes. The number of control boxes required
differs according to each of the DSM processes. In the area of cooling applications, for example, the number of boxes depends on the number of cooling units and the specific connection
power.
As with the household sector, the study neglects fixed operating costs in the trade and services sector. Additionally, cross-process variable costs of €1/MWh are assumed in this sector
as well.

B3.3

Costs of demand side management in the industrial sector

Investment costs in the industrial sector are also consit of smart meter costs (€1,200) and
control box costs (€300). In the same way as the trade and services sector, each DSM process
in the industrial sector requires a separate smart meter in addition to the control box. Since
most industrial companies already have an energy management system, investment costs in
the industrial sector are very low: usually less than one euro per kW of installed capacity. The
installed capacities are large enough for any additional costs (for pre-qualification, for example) to be deemed negligible.
Additionally, industrial companies often already have a connection to a control centre, meaning that their fixed operating costs for data exchange are very low. In this context, sectorspecific costs were determined by means of interviews with experts. Cement mills, raw mills
and paper manufacturing facilities constitute an exception to the assumptions outlined above
in that they incur relatively high costs of around €90/kWa.
In the industrial sector, the variable costs of a load shedding process consist of the opportunity costs of foregone production, known as the "value of lost load". Variable costs or opportunity costs are therefore incurred during all energy-intensive industrial processes in particular. Processes that shift their load recoup production later on and thus only bring about opportunity costs for time shifting. The interconnection between these processes and upstream/downstream processes must be considered in this context. Additionally, the use of
storage for load shifting may also involve storage losses that need to be compensated. This
means that less load is shed than needs to be recouped. Load shedding, on the other hand, is
characterised by opportunity costs for foregone production, meaning that the variable costs of
the processes associated with this are high in comparison to processes with storage potential.

B3.4

Costs for demand side management in municipal utilities

Some of the investment costs in sewage treatment plants are required for connecting and
equipping the control centre. The aeration tanks also need to be fitted with ammonia measuring probes, involving costs of €5,000 per tank.
Fixed operating costs in sewage treatment plants are required for communication between
the grid operator and the control centre. There is little technical work involved in this. Today,
there are already many sewage treatment plants which can be monitored and, in some cases,
controlled via the Internet. If the control room is continuously occupied, this enables precise
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control of the sewage treatment plant by specialist personnel for DSM. For this purpose, all
personnel working at the control centre must receive regular training in controlling the plant
for demand side management. Annual costs of €7 to €415 per connected kW in the DSM
processes are assumed; these are apportioned to the specific connection values of the different
sewage treatment plants.
As with the trade and services and household sectors, variable costs of €1/MWh are assumed
for sewage treatment plants.
Table B-0-2:

Investment costs for the considered DSM processes by sector

Source: EWI (2010).

B4

Implementing DSM processes in the DIME electricity market model

In its descriptions of the various processes, the main part of the study outlined which technical
restrictions were taken into account within the model. However, the modelling approach will
be presented separately once again at this point. In contrast to the investigation in the main
part of the study, each process class is modelled individually here, resulting in considerably
less aggregation. 250
250 Within the model, the installation costs are defined as costs per kW. If we look at the investment costs presented in Table B-2, in some cases these range very widely in the trade and services sector and household
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In its most general form, each process is characterised by the following parameters in the
model:
• Positive and negative DSM potential
• Average grid load of the DSM process
• Seasonal trends of the average grid load of the DSM process, based on seasons of the
year
• Daily trend of the grid load of the DSM process
• Costs of installation and implementation
• Specifications for load recouping and storage losses
Not all of the parameters above are relevant for each process under consideration, in which
case they are not specified. For example, some processes are not subject to seasonal trends,
whilst others do not require load recouping.
As part of the auxiliary conditions defined by these parameters, each process has a scope of
action that can be used in the model for the following purposes:
•
•
•
•

Reducing residual load (load shedding/shifting)
Increasing residual load (load recouping)
Providing positive reserve capacity ("readiness for shedding")
Providing negative reserve capacity ("readiness for recouping")

The model minimizes the total system costs for electricity generation on spot and balancing
markets. As such, DSM potential is tapped and utilised if cost savings can be achieved as a
result of this.

B5

Scenario definition

Within these more extensive addionation investigations two scenarios, relating to the development and impact of demand side management on the European electricity system, are analysed. The reference scenario provides the basis for comparison here. Please refer to the main
part of the study for a detailed explanation of each of the assumptions.
The two scenarios being investigated are based on the same assumptions as the reference scenario in terms of fuel price development and the development of renewable energies. The option of expanding and using DSM measures is also presented. The scenarios differ in terms of
the applied DSM promotion policies.

sector. This can be attributed to the fact that the cost data for each house or business type (e.g. office, hotel,
restaurant) and size categories (e.g. small and medium-sized supermarkets as well as shopping centres) –
which are characterised by different average installed capacities – have been entered individually. These
various categories are entered in the model individually, but in some cases are aggregated within the context
of this study.
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Figure B-0-9:

Structure of scenarios

The first scenario (roll-out scenario) assumes a promotion scheme for DSM in households,
the trade and services sector, and cross-sector technologies used in industry. The scenario involves a complete roll-out (i.e. full exploitation of the existing technical potential) of the relevant applications by 2020. The scenario assumed here is based on the expert scenario of the
German Federal Network Agency (BNetzA 2009).
The scenario envisages, in addition to the German Energy Industry Act 2008, requirements
for installing smart meters in new buildings or during extensive renovation work, further
promotion of the installation of DMS devices. Hereby it is assumed that the installation of
smart meters will be required within the context of routine device replacement. By 2016, this
approach could lead to around 30% of households and other consumers being fitted with
smart meters. Furthermore, the scenario assumes that a roll-out will be forcibly implemented
from 2016 onwards and that all electricity consumers will be obligated to use smart meters by
2020. DSM applications in the industrial sector in contrast develop without any promotion
mechanisms according to the calculus of cost-minimisation of total system costs.
In the second scenario - or status quo scenario - no promotion scheme is implemented. Thus,
in this scenario, the development and use of DSM measures in all three sectors are driven
solely by the principle of total cost minimisation.

B6

Model-based analysis of economically useful DSM potential

This model-based study focuses on what DSM potential can be achieved by 2020 in economic
terms, and what effect this has on the spot and reserve markets.
The next section will look in particular at the average DSM potential available, the extent of
total load shifting and shifting within the individual sectors, the provision of reserve capacity
by DSM processes, adjustments in the conventional power plant fleet, and the changes in
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overall costs of electricity generation in Europe by 2020 as a result of DSM. Within this context, the two scenarios are compared in order to analyse the impact of the promotion of DSM.
Additionally, the results are compared to the reference scenario in order to show the overall
effects of demand side management on the electricity sector.

B6.1

Average available DSM potential up to 2020

Investments in smart meters and control boxes can be used to open up the technical potential
of demand side management. The actual DSM potential which can be used for load shifting
per hour is dependent on the electricity consumption of each application being tapped into
during the hour in question, and therefore fluctuates over the course of the day and the season.
Figure B-0-10: Total average available DSM potential in all sectors in Germany up to
2020

Source: EWI (2010).

Figure B-0-10 shows the average available DSM potential for the two scenarios up to the year
2020. In both scenarios, the largest available potential in 2015 can be found in the industrial
sector, with an average potential of 3.5 GW (1.1 GW for individual energy-intensive industrial processes and 2.4 GW for cross-sector technologies). The household sector and trade and
services sector offer considerably lower average potential, at 1.4 GW and 0.6 GW respectively.
Only in the year2020 the roll-out scenario displays an overall higher potential (with an average of 6.6 GW) than the status quo scenario (with an average of just 5.7 GW). Promotion
schemes for DSM result in a particularly strong opening up of potential in the trade and services sector, meaning that the average available DSM potential in this sector is around
0.8 GW higher in the status quo scenario than in the roll-out scenario.

B6.2

Load shifting by means of DSM processes up to 2020

Figure B-0-11 shows the load shifts determined endogenously in the model for both scenarios
up to the year 2020, as a total covering all sectors. In both the roll-out scenario and the
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status quo scenario, around 20 TWh of load and thus only around 4% of total demand in
Germany will be shifted by means of DSM in 2015. The distribution of load shifting amongst
the considered sectors is similar for the two scenarios. Around 11 TWh (55%) of load shifting
in 2015 takes place in the household sector, around 1.8 TWh (10%) in the trade and services
sector and around 7.1 TWh (36%) in the industrial sector. The DSM promotion schemes assumed in the roll-out scenario will thus only have a small impact on the amount of load
shifted in the medium term.
Some of the 11 TWh determined for households consist of new, additional potential, which is
tapped into by particularly using circulation and heating pumps as well as hot water generation systems for load management. The larger quantity is attributable to adapted usage of
night storage heaters. This technology is already today used as a type of load management. In
future, charging may increasingly take place at times of high wind infeed. 251
In 2020, around 2 TWh more load will be shifted in the roll-out scenario than in the
status quo scenario. The promotion of DSM will have a particular impact on the trade and
services sector, which demonstrates the largest proportion of additional load shifting compared to the status quo scenario. Load shifting in the household sector, by contrast, is somewhat lower; and it is virtually identical for both scenarios in the industrial sector. In sum,
promotion schemes have only a moderate impact on the total extent of load shifting across all
sectors by 2020.

Figure B-0-11: Total load shifted by DSM across all sectors in Germany up to 2020

Source: EWI (2010).

The largest changes resulting from DSM promotion takes place in the trade and services sector (see Figure B-0-12). In the status quo scenario only process cooling, air conditioning and
sewage treatment plants are used for load shifting at a level of 2.7 TWh in 2020, while ventilation systems and process heating are also used for load shifting in the roll-out scenario. On

251 In Figure B-0-11, the load shift by night storage heaters is balanced as a deviation from the current load
curve. Therefore, the household potential used consists of this load usage shift and the actually emerging new
options.
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the whole, DSM promotion schemes lead to an increase in shifted load to around 5.7 TWh in
2020. In 2015, the use of air conditioning is replaced by the use of ventilation systems; it is
not until 2020 that it is used to a greater extent for load shifting again.
Figure B-0-12: Load shifted by DSM in the trade and services sector up to 2020

Source: EWI (2010).

The changes in the technologies used and the extent of load shifting as a result of promotion
of DSM can be traced back to the specific investment costs for each type of technology.
Compared to air conditioning and process cooling, ventilation systems and process heating
have high specific investment costs (€/kW) for DSM. Without subsidy, these costs are too
high or cannot be justified by the level of expected revenue. As promotion means that investment costs for smart meters no longer have to be borne by DSM providers themselves, these
costs are not taken into account in the roll-out scenario. Specific investment costs drop as a
result, and ventilation systems and process heating are also opnend up and used in this scenario. Additionally, the variable costs of load shifting in air conditioning processes are relatively high compared to other DSM processes. This is due to storage losses, amongst other
factors. As such, air conditioning processes are used considerably less often for load shifting
in the roll-out scenario.
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Figure B-0-13: Load shifted by DSM in the household sector up to 2020

Source: EWI (2010).

In the household sector, it is primarily heating systems and electric hot water systems that are
used for load shifting in the status quo scenario and the roll-out scenario (see Figure B-0-13).
Night storage heaters account for the majority of load shifting in the household sector. Usage
of night storage heaters is somewhat higher without promotion than with. The reason for this
is that subsidy causes night storage heaters to become less competitive compared with other
DSM processes. Since there are no investment costs for smart meters, the benefits associated
with lower specific investment costs are less significant. By contrast, DSM promotion favours
applications with high specific investment costs, particularly those in the trade and services
sector. Therefore, usage of night storage heaters for load shifting and usage of processes in the
household sector on the whole is lower in the roll-out scenario than in the
status quo scenario.
Load shifting in the industrial sector is virtually identical in the two scenarios, both with and
without promotion sc hemes. The largest proportion of it can be attributed to process cooling
applications and electric steel production (see Figure B-0-14). It is assumed that the promotion of DSM does not have a direct impact on the use of DSM processes in the industrial sector, as there subsidies for smart meters are not applied here. However, there are no indirect effects either (or only marginal ones), as the competitiveness of DSM industrial processes is not
impaired by subsidies in other sectors.
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Figure B-0-14: Load shifted by DSM in the industrial sector up to 2020

Source: EWI (2010).

The use of industrial processes for load shifting declines slightly in both scenarios from 2015
to 2020. In particular, this affects the load shifted by compressed air processes, electric steel
processes and process cooling in the food industry. These processes are characterised by relatively high efficiency losses and high variable costs, and are therefore at a disadvantage compared with other technologies when it comes to using them for load shifting. As technical
DSM potential is tapped into more and more in all sectors, this disadvantage will become
more significant, meaning that the processes concerned will increasingly be used to provide
reserve capacity, for which variable costs are a less significant factor.

B6.3

Reserve capacity and securing peak load by means of DSM
processes up to 2020

DSM can also contribute to system security and reliability by providing both capacity for reserve power252 and capacity for securing the peak load. Figure B-0-15 shows the average
positive and negative capacity provision by DSM processes up to 2020. The overall picture
across all sectors is relatively similar for both scenarios.
In 2015, around 5 GW of negative reserve capacity is already being provided by DSM processes, particularly storage technologies. In 2020, this figure reaches around 6 GW. Compared
to peak load power plants, which can be used alternatively for reserve capacity and securing
peak loads, DSM processes involve relatively low reservation and call-up costs, enabling capacity savings to be made in conventional power plants. DSM promotion policies only have a
small impact on this and increase the provision of negative reserve capacity by DSM only
slightly.

252 This includes both tertirary reserves and longer-term reserve capacities.
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Figure B-0-15: Average positive and negative back-up capacity by means of DSM processes up to 2020

Source: EWI (2010).

The DSM processes also cover a considerable proportion of the overall demand for positive
reserve capacity in both scenarios, even if this is lower than in the case of negative reserve
capacity. Despite this, DSM still contributes to the reduction in neccissity of peak load power
plants in this case. Promotion policies for DSM only have a small impact on the provision of
positive reserve capacity in this case too.
Thanks to the contribution it makes towards positive and negative reserve capacity, on the
whole DSM helps to secure the system and reduce peak load capacity.

B6.4

Impact of DSM on the conventional generation system

Integrating DSM into the German electricity system means that changes will take place in the
conventional generation system in the years leading up to 2020 (see Figure B-0-16). In this
respect, especially peak load capacity is reduced, although medium load capacity is reduced in
some cases too. The promotion of DSM only has a small impact on the changes in the generation system in this case.
Compared with the reference scenario, around 4.5 GW of gas power plant capacity will be
saved in 2015, and a further 1.5 GW or 2 GW in 2020. One reason for this is load shifting on
the spot market at peak load times (a practice known as peak shaving) by DSM.253 DSM also
contributes to the provision of reserve capacity. The main purposes of peak load capacity is
electricity generation during peak load hours and the provision of reserve capacity, which are
consequently substituted by DSM.

253 For a more precise explanation of peak shaving, please refer to the main part of the study.
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Figure B-0-16: Changes in the conventional generation system due to DSM as compared
with the reference scenario, up to 2020

Source: EWI (2010).

DSM also reduces demand on medium-load power plants, leading to a reduction in hard coal
capacity of around 2 GW in 2020. Hard coal power plants often provide reserve capacity by
means of partload production; as such, the use of DSM for reserve capacity also results in the
substitution of coal-fired power plants.

B6.5

Impact of DSM in Germany on cumulative system costs

Figure B-0-17 shows the change in cumulative system costs on the European electricity market up to 2020, as compared with the reference scenario.254 It is worth noting that the use of
DSM in Germany reduces the overall system costs by €13.3 billion2007 and €11.8 billion2007 in
both scenarios respectively. As such, higher cost savings are made in the status quo scenario
(i.e. with no promotion scheme for DSM) than in the roll-out scenario. Within the context of
this study, market-driven expansion of DSM is therefore more cost-effective. 255 These cost
savings are made in the entire European electricity system, not just in Germany. This means
that the use of DSM in Germany has an impact on the electricity markets in other European
countries as well.

254 The following procedure was used here: first, the cumulative percentage difference in the system costs was
determined over the entire period of optimisation. Assuming that the percentage of cost savings was the same
for each year, the respective was then determined on the basis of the percentage and cumulative system costs
for the year 2020 of the reference scenario. Thus temporal effects regarding the cost savings were neglected..
255 The used optimisation model assumes, among other things, an omnipotent central planner with perfect foresight. In theory the results of cost minimisation by this central planner correspond to the market-driven results (assuming perfect competition conditions and perfect foresight by all market participants) and are interpreted accordingly.

538

Figure B-0-17: Changes in cumulative system costs on the European electricity market
due to DSM as compared with the reference scenario, up to 2020

Source: EWI (2010).

However, it is important to notice that this study has taken neither spill-over effects relating
to the electricity consumption behaviour of end consumers (who become more aware of this
when they participate in DSM and generally adapt their consumption accordingly) nor endogenous learning curve effects into account. In particular the latter of these is a key driver
for promotion measures, as it is hoped that high learning curve effects can be achieved by
huge expansion of new technologies at an early stage and that costs will decrease as a result.
In turn, this would help new technologies become more competitive and enable them to penetrate the market more strongly and at an earlier stage. Consequently, it can be assumed that
DSM promotion will tend to have a stronger impact on tapping into DSM potential when endogenous learning curve effects are taken into consideration.

B7

Summary

In the years leading up to 2020, the technical potential for demand side management is
opened upin in all the sectors this study is investigating - the household sector, the trade and
services sector, the industrial sector and municipal utilities. Due to the extensive use of DSM
in providing reserve capacity and securing peak capacities, DSM will make a considerable
contribution towards integrating renewable energies into the German electricity market. This
will be strengthened - even if only to a moderate degree - by load shifting on the wholesale
market (peak shaving and valley filling).
The use of DSM on the German electricity market enables total peak load and medium load
capacity savings of around 8.5 GW in the years up to 2020. This enables cumulative cost reductions of more than €10 billion2007 to be achieved, with these particularly attributable to the
reduction in investment costs in the conventional generation system.
Within the context of this study, additional promotion for DSM only has a moderate impact
on the development of demand side management in Germany. In this respect, the biggest effect can be seen in the trade and services sector, where the development and use of DSM
processes increases significantly thanks to the reduction in specific investment costs. However, it must be noted that endogenous learning curve effects have been neglected. We can
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therefore assume that an endogenous specification of these learning curve effects would result
in DSM subsidisation policies having a much more significant impact.
On the whole, we can conclude that the impact of demand side management on the electricity
system is much more significant in this analysis compared to the investigation in the main
part of the study. However, the trends in both investigations are identical. In this regard, it is
essential to note that this expanded investigation assumes not only more optimistic thus lower
costs, but also a higher technical potential in comparison to the main part of the study.
Whereas load shifting only occurs on a very small scale in the previous investigation, this
analysis concludes that around 20 TWh of load shifting will take place in 2015. This is particularly due to the fact that load shifting potential increases through the incorporation of the
trade and services sector. The industrial sector offers mainly load shedding potential when
compared to the trade and services sector, for example. Additionally, the power plant capacity
savings (around 8.5 GW compared with 0.8 GW) and the cumulative cost reduction realised
(around €12 billion2007 compared with €0.5 billion2007) are much more significant in this
study. This can be traced back to the incorporation of the trade and services sector and crosssector technologies in the industrial sector, and thus to the expansion of technical potential.
This additional technical potential (particularly in the trade and services sector) is opend up
and used for DSM purposes in this investigation, meaning that the trends which can be observed in the main part of the study are much more marked here.
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Annex C:
Structure of the DIME model
Figure C-0-1 provides a clear outline of the basic structure of the DIME model and shows the
key input and output data.
Figure C-0-1:

Input/output structure

Source: EWI
The input parameters for the supply side are based on detailed databases containing information about installed capacity in the various regions of the model, as well as information on the
technical and economic parameters. The input data on the demand side contains the remaining
load and annual demand. As well as this, assumptions are made concerning the evaluation of
future factors and policy-related restrictions (such as the use of nuclear energy or climate protection targets) are defined in the model.
For each forecast period up to 2030, results are obtained for decommissioning and commissioning of capacity depending on the relevant technology, fuel consumption, carbon dioxide
emissions and production costs. It is also possible to generate results for each load point
within the individual forecast periods, to determine the optimum method of using power
plants with the relevant technology, storage power plants, marginal costs of electricity generation, and electricity transmission taken into account. The weighted marginal costs of electricity generation may be viewed as a useful price indicator in competitor markets here.
The following two sections outline the input parameters and output values of the model in
more detail.
545

C1

Input parameters of the model
C1.1

Input parameters of the supply side

The DIME model endogenously calculates around 75% of existing net electricity generation
in the regions under consideration. Figure C-0-2 lists all the technologies being looked at
here; a distinction is made between technologies that are handled endogenously and those that
are handled exogenously.
Figure C-0-2:

Technologies handled endogenously and exogenously

Source: EWI

Figure C-0-3 contains detailed information for each of the regions under consideration in the
model. The green regions are explicitly modelled regions. The blue regions, by contrast, are
satellite regions where only electricity exchange takes place. The red bars represent endogenous capacity and the blue bars exogenous capacity.
Information on installed capacity is taken from the power plant database of the EWI. For each
technology, the net capacity of each plant is allocated to different time classes, in order to account for age-specific factors such as energy efficiency. Existing plants are decommissioned
once their technical service life has reached an end. Therefore, it is possible to determine a
definite point in time for decommissioning. Plants are also decommissioned if their production costs exceed revenue obtained from sales. However, the process of calculating this does
not take investment costs into account, as these already count as sunk costs.

546

Figure C-0-3:

Representation of European countries in the DIME model

Source: EWI

Table C-0-1 shows the economic and technical properties of the individual technologies.
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Table C-0-1:

Properties of generation technologies

Source: EWI
The investment costs are annualised according to an amortisation period defined ex ante and a
particular interest rate. The fixed costs are made up of service/maintenance costs as well as
staffing costs; these costs are incurred annually and must always be paid regardless of the decision to go ahead with production or not. By contrast, the extent of fuel costs, other variable
costs, start-up costs and opportunity costs of CO2 emissions are largely influenced by this decision. In this respect, fuel costs depend on fuel prices and the energy efficiency of a plant.
Start-up costs are also influenced by various other factors, including specific costs for additional wear due to a cold start and the duration of a cold start. The costs incurred during the
start-up process in a power plant that has not been fully cooled are approximated using the
cooling function and the costs of a cold start.
Additionally, hard coal power plants are dependent on local sites in Germany, Poland, the
Czech Republic, Spain and Austria. The use of nuclear power plants is heavily influenced by
political restrictions, perhaps involving country-specific limits, gradual decommissioning or
even an outright ban.
The DIME model distinguishes between two different types of hydroelectric power stations:
storage head installations and pumped storage power plants. Storage head installations use
water from a reservoir to produce electricity. For this purpose, the natural flow of water is
ponded in a basin; the quantity of ponded water depends on the original water level and the
maximum size of the reservoir. The natural flow of water depends on the time of year and the
region concerned. A storage cycle in a hydroelectric power station can last up to a year, but in
the case of a pumped storage power plant, it is limited to a week. This also applies to CAES
power plants. Decommissioning of hydroelectric power stations is not permitted due to their
long service life and because they can be modified cheaply.
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C.1.2

Input parameters of the demand side

There are two steps in the basic procedure for obtaining demand-side input data. First, the total annual demand and its structure are defined. Second, the residual load of the model is calculated by deducting the annual load and annual electricity generation of exogenous technologies (renewable energies) from one another.

C1.2.1 Total demand
For this purpose, the annual electricity demand is specified for each region and for each future
period. This incorporates the end consumption of electricity as well as transmission losses. In
contrast to the exogenous technologies, the requirement for storage operations is handled
endogenously. As described above, a period under consideration consists of four seasons. For
each of these seasons, three representative days with up to 24 hours per day are considered.
Therefore, the annual demand is broken down into hourly load points over several steps. This
calculation is based on historical data published by the ENTSO-E as well as German sources.
The seasons are defined as follows:
Winter consists of November, December, January and February
Spring consists of March and April
Summer consists of May, June, July and August
Autumn consists of September and October
Each season is represented by a typical week that is repeated multiple times depending on the
length of the season. Each week consists of one Saturday, 1.2 Sundays and holidays and 4.8
working days. Table C-0-2 shows the overall frequency for each type of day and season. Figure C-0-4 shows an example of a load structure in the model.
Table C-0-2:

Overall frequency of types of days per season
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Figure C-0-4:

Examples of hourly, daily and seasonal load fluctuations

Each year begins with spring and ends with winter. Each week begins on a Saturday, which is
followed by a Sunday and then the working days. Load sequences are an extremely important
source of information, particularly for decisions concerning the start-up and usage of storage
head installations.

C1.2.2 Residual demand
To determine the residual demand, assumptions are made concerning generation by exogenously handled technologies (right-hand column in Figure C-0-2). In this case too, annual
values are combined with an hourly generation structure for each technology. These structures
are based on historical data. For wind energy, a more detailed approach is used in order to accommodate its fluctuating nature. The generation data is further processed by means of the
average historical grid infeed as well as a random variable, which leads to a deviation from
the expected values. In turn, this results in a random fluctuation in the grid infeed over the
course of the year. The more load points are used within a year, the more a realistic combination of possible wind conditions can be ensured. For this reason, it makes sense to divide a
day into at least three periods.
Finally, the generation from the total exogenous generation is deducted from the overall demand. The result is the residual demand of the model, which is shown in Figure C-0-5.
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Figure C-0-5:

Example of determined residual demand

C1.2.3 Restrictions for electricity trading
Capacities for transmission between the various regions under consideration restrict the
physical exchange process. Therefore, the net transfer capacities provided by ETSO are specified as standard. Additionally, future grid expansion is taken into account too. It is assumed
that there is no congestion within a region. Electricity trading between different regions is
subject to transmission losses of 10% per 1,000 kilometres. With this in mind, the average
distances between the most important production and consumption points in the regions are
determined in the model.

C1.3

Output data of the model

The results obtained in the model take into account capacities, generation, physical exchange,
fuel consumption and carbon dioxide emissions. For each forecast period, the installed capacity (ordered according to the relevant region and technology) is determined based on both the
installed capacity of the previous period and decommissioning and commissioning of capacity
in the period under consideration. There is a small proportion of the installed capacity that
cannot be called upon during each season, due to planned and unplanned power outages.
At no point may electricity production exceed available capacity. Additionally, thermal power
plants must be started up in order to be ready for operation. Figure C-0-6 shows optimum
power plant usage for a working day in autumn. In this example, the day has been split into
eight intervals, each consisting of three hours. The values for imports and exports have been
aggregated for all transmission lines to neighbouring countries. It is conceivable that an entire
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region may both import and export electricity at the same time, although electricity may only
flow in one direction between two different regions.
Figure C-0-6:

Example of hourly power plant usage during a working day in autumn.

In addition to optimum power plant usage, it is possible to determine annual electricity production and annual electricity trading. The example shown in Figure C-0-7 assumes a future
increase in generation by renewable energies (renewable energies are not shown explicitly in
the graphic), a rise in prices for carbon dioxide emissions, and a gradual nuclear phaseout
process in Germany.
Fuel consumption and carbon dioxide emissions are determined on the basis of electricity
consumption, the various structures of the fuel types and the energy efficiency of existing and
future plants. Consequently, there are two options for reducing emissions: either old power
plants can be replaced by new ones which use the same type of fuel, or the structure of the
fuel types can be adapted in favour of technologies with low carbon dioxide emissions.
The marginal costs of electricity production can be used as a meaningful indicator of regional
base load prices. They reflect the prices of a sustainable industry, as both short-term and longterm costs are taken into account. If peak load provision is involved, however, these prices
only cover short-term costs.
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Figure C-0-7:

Example of electricity generation and physical exchange in Germany
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Annex D:
The DIANA model
The DIANA model is a highly detailed representation of Germany in its capacity as a European country, which also includes its immediate neighbours: it contains both detailed technological and economic systems as well as power plant parameters and dynamic aspects such as
storage capacity and start-up costs. As with the DIME model, this model categorises the states
under consideration into regions. There are also two satellite regions, which are connected to
the model regions by means of coupling capacities. Electricity exchange between these regions is optimised, with the restrictions imposed by the limited infrastructure taken into account.
Figure D-0-1:

DIANA model regions

North

East

Source: EWI

An hourly electricity demand profile and the generation resources that are currently available
are assigned to each region. A defined part of the regional load is covered by generation,
which is not part of the competitive electricity market and is therefore not price-driven. Only
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the residual load is derived for the calculations. For this purpose, the total hourly electricity
demand is obtained from databases and statistics from the ENTSO-E, German TSOs or German regulatory bodies. Deducted from this is generation by operators that do not participate in
the competitive wholesale market and therefore do not consider the competitive price when
making decisions concerning dispatch.
The remaining load is referred to as the residual load:
RLh

TD h

EE

h

CHPhd h

MR grid h

where
RLh : residual load in h
TDh : total demand in h
EE h : generation of renewables

CHPhd : generation of heat-controlled cogeneration plants
MR grid : additional generation due to local voltage stability requirements

The installed capacities are provided from the DIME model for a reference year. The fuel and
CO2 price assumptions made are identical to the DIME model. The cogeneration infeed is determined endogenously in the DIME model and is incorporated into the DIANA model as exogenous generation.
The wind energy infeed and infeed from other renewable energy sources is incorporated as an
input element for 8,760 h. The forecasts in Part 1 are implemented in the model for all the
hours in 2020. The load curves are scaled according to the demand specified. DIANA thus determines how German power stations are to be used for 8,760 h of a reference year.
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Annex E:
Analysis of the impact of an extension of operational life
in nuclear power stations on the results of the dena grid
study II
The dena grid study II investigated the integration of renewable energies into the German
electricity supply system during the period up to 2020/2025. The study was started in autumn
2007 and assumed a phase-out of nuclear energy usage up to the year 2023 as per the consensus on nuclear energy reached in 2000. Specifically, the study explored the future expansion
requirements of transmission grids as well as increasing the flexibility of the electricity system in terms of electricity supply, transport and demand.
In autumn 2010, the German Bundestag changed its legal stance, opting to increase the remaining quantities of electricity in each nuclear power station by dividing additional residual
quantities of electricity among them. According to the stipulations of the promotional funding
agreement, the Bundestag agreed to extend operational life by eight years in the case of nuclear power stations that were commissioned up to and including 1980, and by 14 years in the
case of nuclear power stations that were commissioned after 1980.
Shortly before this report was finalised, the consortium of authors (in agreement with dena)
therefore checked the results of the study in the light of this decision by the German
Bundestag
Due to the short-term nature of the requirement, it was no longer possible to apply the system
for determining grid expansion requirements on which the study was based to the altered
situation. Therefore, below is a quantitative estimate that builds on fundamental energy efficiency data and uses regional capacity balances.
When referring to an extension of operational life (EOL), it is necessary to distinguish between the following areas:
–
–
–

Impact on the development of renewable energies
Impact on conventional power stations
Impact on expansion requirements in the transmission grid

In the dena grid study II and this additional investigation, it is assumed that infeed of electricity generated by renewable energy sources is given priority, in accordance with the current
version of the RESA. Therefore, extending the operational life of a nuclear power station has
no impact on future expansion of renewables. Compared with current forecasts, the expected
expansion capacities for renewable energies in this study are already seen as conservative estimates.
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Currently, Germany has 17 nuclear power stations at 12 sites, with a capacity of around 21
GW. Around 2/3 of this capacity is installed in Hessen and the south, and 1/3 is installed in
northern Germany. There are no nuclear power stations operating in eastern Germany.
From the results of the energy efficiency model, we can expect that the change to the power
stations presented in the study will be delayed (compared to previous expectations) due to extension of operational life.
According to the nuclear energy phase-out plan that was valid up to now, around 2.8 GW of
nuclear energy in the north and around 6.5 GW in the south were due to be decommissioned
by 2015. However, due to the extension of operational life, the power stations concerned may
continue to supply power right up to the end of the decade, and some beyond 2020.
In the phase-out scenario in the dena grid study II, 6.7 GW of nuclear power would still be
operational in 2020 (1/3 of today's nuclear power). Therefore, even in this previous scenario,
it was not assumed that a full nuclear phase-out would take place by 2020. This extension of
operational life will increase this value to 13.3 GW. The changes in German power stations
that were expected in the scenario presented by the study are shown in the figures below.
Figure E- 1:

Power plant development (in GW) up to 2020 in the basic scenario,
without extension of operational life
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Figure E- 2:
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The figures show that, in the scenario involving extension of operational life, nuclear power
station capacity is higher whilst lignite power plant capacity is lower.
To estimate the effects on grid expansion requirements, the resulting installed capacities in the
power stations were re-regionalised using the same system as in the main part of the study.
For this purpose, it was necessary to take into consideration the five nuclear power stations
with operational lives extended beyond 2020, in regions 82 (Hamburg), 23 (central), 25
(south-east), 41 (south-west) and 76 (south).
The resulting regional capacities were compared with the previous power station scenario. Below is an estimate of the effects on the region boundaries with the highest transmission requirements.
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Regions 21/22/82 with transmission requirements (direction: south)
Figure E- 3:

Comparison of installed capacities in regions 21/22/82 of the dena
grid study II, scenario A) without and B) with EOL
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It is clear that the volume of installed capacity remains the same on the whole, and that conventional power plants are substituted with a nuclear power generating unit in the scenario involving EOL.
We can therefore expect that region 22's required transmission capacity to the south (9,600
MW) will not be significantly affected by EOL.
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Regions 81/83/84 with transmission requirements (direction: south/south-west)
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Figure E- 4:

B) Regions 81/83/84
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Comparison of installed capacities in regions 81/83/84 of the dena
grid study II, scenario A) without and B) with EOL

At 51 GW, wind energy and its physical distribution are the dominant force in 2020 in terms
of grid expansion requirements at transmission grid level in Germany. A very large proportion
of onshore wind energy capacity is installed in the northern and eastern states; these states
also need to transport the additional electricity generated by offshore wind power plants. This
means that there is a significant expansion of wind energy in the offshore areas of eastern
Germany. Since there are no nuclear power stations here, and electricity consumption in these
states will also fall more significantly than in the rest of Germany, we can expect that the increased transport requirements associated with this will still apply regardless of EOL.
Compared to the basic scenario without EOL, the north-eastern regions only experience a
small reduction in installed capacity, of about a few hundred MW. On the one hand, the energy efficiency model determines that planned lignite power plants will not be set up, but on
the other hand, the loss in capacity is compensated by cogeneration. In the eastern German regions 81, 83 and 84, the situation barely changes at all as a result of extension of operational
life. Since 1990, this region has witnessed extensive decommissioning, modernisation and
new construction of conventional generation systems. Additionally, the region has large district heating networks, which means that an increased proportion of cogeneration can be expected.
Considering the additional transmission requirements (over 7,000 MW) in the direction of the
south-west which have already been determined in the study, there is no significant impact on
grid expansion requirements between regions 83 and 25.
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As the figures above show, the expansion scenario for generation from renewables is the determining factor for grid expansion requirements, particularly in the north and east of Germany.
Without further investigation, it is not possible to make a reliable assessment of the degree to
which extension of operational life in nuclear power stations will affect the grid expansion requirements determined in the study in the other regional boundary zones in southern and
western Germany. The changes to the overall installed power plant capacity can be seen in the
diagram below.
Figure E- 5:

Comparison of installed power plant capacities in the other regions,
with and without extension of operational life
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The delayed changes regarding the generation mix may lead to regional changes in terms of
the scope and progression of grid expansion requirements during the transition period from
now to the year 2020. Once the planned extension of operational life for nuclear power stations has expired, the EOL scenario with regard to nuclear power capacities will converge
with the phase-out scenario, on which the dena grid study II was based.
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