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Foreword

The power supply in 2050 will be dominated by renewable energies, in Germany, above 
all by the fluctuating feed-in from wind power and photovoltaics. Since power genera-
tion must at all times equal power consumption, we will require technologies capable 
of reliably establishing this equilibrium. For instance, while flexibly regulatable power 
plants must step in if power generation from wind and photovoltaics is insufficient, 
batteries can be loaded during occurrences of electricity surplus.

Technically, this would seem to be feasible. However, it remains to be defined what 
technologies should actually be employed, how they can usefully and efficiently inter-
act with the system and what economic costs they will entail. Since political and social 
framework conditions have a major influence on the future “flexibility mix”, today, the 
public will have to agree on the priorities for the future. 

This position paper describes and compares different ways of ensuring a stable power 
supply in the age of renewable energies. The academies thereby seek to create momen-
tum for the important debate evolving around the advantages and disadvantages of 
different design options for the energy system of the future.

This position paper was drawn up by the ad hoc working group “Flexibility Concepts” 
in the Academies’ Project “Energy Systems of the Future”. Over one hundred specialists 
from science and industry have contributed their expertise. We would like to express 
our sincere thanks to those who contributed to the development of this paper, as well 
as to the reviewers for their commentaries.

Prof. Dr. Jörg Hacker
President

German National Academy
of Sciences Leopoldina

Prof. Dr. Dr. Hanns Hatt
President

Union of the German Academies 
of Sciences and Humanities

Prof. Dr. Reinhard F. Hüttl
President
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of Science and Engineering
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5Abbreviations

Abbreviations

CCS Carbon Capture and Storage

CSP Concentrated Solar Power 

DSM Demand-Side Management 

RES Renewable Energy Sources

FRES Fluctuating Renewable Energy Sources (wind and photovoltaics)

CCGT Combined-Cycle Gas Turbine (power plant)

GT Gas Turbine

CHP Combined Heat and Power

PV Photovoltaics

EGS Enhanced Geothermal Systems 

Units

GW Gigawatt (equivalent to 1 million kilowatts, or approximately the
power-output of a nuclear power plant)

GWh Gigawatt hour (equivalent to 1 million kilowatt hours, approximately
the annual power consumption of 250 households)

TWh Terawatt hour (equivalent to 1,000 gigawatt hours or 1 billion kilowatt 
hours; Germany’s total power consumption amounts to approximately 
600 TWh)
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Abstract

By increasingly shifting energy generation 
toward renewable energy sources, Ger-
many can use its power system as an im-
portant lever for a significant reduction in 
carbon dioxide (CO2) emissions. However, 
since the feed-in from wind and photovol-
taic systems varies with the weather, the 
power system will need to react much more 
flexibly in the future than it does today: In-
sufficient power feed-in due to the absence 
of wind and solar radiation makes it nec-
essary, for instance, to activate additional 
power plants or to throttle the power con-
sumption in industrial processes. Any ex-
cess electricity can be dealt with by reduc-
ing the power generated by power plants, 
or by using electricity for heat or gas gener-
ation. Also, storage devices can take in sur-
plus power and release it on demand. This 
balance between fluctuating generation 
and consumption defines the flexibility 
requirements of a power system.

The technologies necessary to make 
the power system more flexible are either 
already available or can achieve commercial 
viability through research and development 
by 2050. This position paper considers var-
ious possibilities of what a low-emissions 
power supply system could look like in 
2050, and the specific features and extent 
of the flexibility technologies it relies on.

Modelling techniques and working 
methods

Based on current energy scenarios de-
picting different designs of future energy 
systems, an ad hoc working group of the 
Academy Project “Energy Systems of the 
Future” (ESYS) has identified and eval-

uated the respective flexibility require-
ments. In a first step, the most important 
technologies for the provision of flexibility 
were subjected to a standardised interdis-
ciplinary review. The results served as a 
basis for model calculations: The portfolio 
of flexibility technologies was computed 
based on the respective share of wind and 
photovoltaics and the power consumption 
in each energy scenario. The calculations 
assumed certain basic conditions largely 
supported by the German public (for ex-
ample, certain carbon reduction targets, 
or a high or low acceptance of technologies 
and generation sites) and were designed 
to keep the respective average electricity 
generation costs as low as possible. The 
electricity generation costs include the 
costs for the construction and operation 
of the power plant portfolio, for fuels, and 
for the necessary emissions allowances.

The development and selection of 
the calculation method involved simplifi-
cations regarding the architecture of the 
model and the system boundaries. For 
instance, the model calculations are lim-
ited to Germany; any possible flexibility 
provision in neighbouring countries is not 
taken into consideration. Likewise, the 
analysis is focused on the power system; 
flexibility potential in the heating sector 
will be considered only to the extent that 
it is linked to perennial heat consumption 
(e.g. industrial process heat). The flexibil-
ity provision in electric vehicle batteries 
is taken into account as part of the de-
mand-side management potential.

The calculations are based on the 
greenfield approach, assuming that all 
plants will be newly built by 2050. The 



7Abstract

technical and economic progress that is 
assumed to have taken place by 2050 for 
most technologies (for example, efficien-
cy increases or cost reductions) requires 
their steady evolution as of today. The 
costs of this systemic transformation can-
not, however, be taken into account in the 
chosen approach.

The model calculations enable the 
comparison of different cost-effective op-
tions for the design of the power system. 
In this policy paper, the results were used 
to design options for the following energy 
policy issues:

• What impact do the emissions reduc-
tion targets have on the flexibility re-
quirements?

• How could a power system based on 
100 per cent renewable energy sources 
present itself?

• Centralised vs. decentralised gener-
ation – how does it affect the energy 
system?

• What role does storage play in the fu-
ture?

• What uses could be made of power sur-
pluses?

• How does a lower dependency on the 
import of energy sources affect the 
power system?

Results

In all of the energy scenarios we consid-
ered, wind and photovoltaics will 
play a crucial role for the power supply 
in 2050. Assuming that the price of emis-
sions allowances in 2050 will significantly 
surpass its current level, a power gener-
ation system boasting a high percentage 
of wind and photovoltaics will, as a rule, 
come cheaper than a system dominated 
by fossil fuel power plants. 

Simple as well as combined-cy-
cle gas turbine power plants are the 
backbone of a secure and reliable power 

supply. Depending on the technical, social 
and political conditions, they are operated 
with natural gas, biogas or – as part of gas 
storage systems – with hydrogen or meth-
ane. If engineered with variable gas firing, 
these plants constitute a robust option for 
the power supply of the future for differ-
ent development paths; there are (as yet) 
few alternatives to this option.

Flexibility will constitute a key 
feature of the future electricity system. 
If the power supply is to be fully cov-
ered with renewable energy, the fluctu-
ating generation from renewable energy 
sources (RES) will be supplemented by 
storage systems, demand-side manage-
ment and controllable energy technolo-
gies such as biogas plants. In the case of 
lower percentages of wind and photovol-
taics, trans-European power grids would 
enable the use of solar thermal power 
plants with integrated heat storage (Con-
centrated Solar Power, CSP) in southern 
Europe or North Africa. If, on the other 
hand, more wind and photovoltaic sys-
tems are installed than are needed to 
meet demand, the use of bioenergy can 
be drastically reduced at only minor ad-
ditional cost.

Decentralised power supply 
should be accompanied by particularly 
high levels of wind energy and photovol-
taics. Whether the power system should 
indeed be organised at the local, decen-
tralised level or whether a predominantly 
centralised supply structure is prefera-
ble should be determined on the basis of 
a comprehensive assessment of the cost 
differences. It also largely depends on the 
level of public acceptance for the different 
variants.

The most cost-efficient way of meet-
ing the short-term energy storage 
demand is demand-side management 
measures (flexible power consumption 
control). In 2050, the bulk of the poten-
tial will probably be provided by thermal 
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storage units and battery storage in elec-
tric vehicles, and photovoltaic systems in 
households.

Longer periods with little wind and 
solar radiation (“dark and windless pe-
riods”) can be technically bridged, either 
with long-term energy storage devic-
es or with flexible producers (gas-fired 
plants, for example). On the whole, it is 
becoming clear that the more flexibility 
options are available and the lower climate 
protection requirements there are, the 
less long-term energy storage systems are 
used. If emissions reductions do not ex-
ceed 80 per cent compared to 1990, long-
term storage is not required to a relevant 
extent. If, however, the import of natural 
gas is restricted or the usable potential for 
bioenergy is rather low, long-term storage 
plays a major role. With high proportions 
of fluctuating RE, long-term storage devic-
es can be installed in order to reduce the 
demand for natural gas imports. The use 
of lignite in combination with Carbon 
Capture and Storage (CCS) is likewise 
an option to reduce energy imports. Cur-
rently, however, public support for this 
technology is unlikely. 

Research & development and ex-
panding the installed capacity are vital 
to realise any cost-cutting potential. 
Together with technological evolution, 
systemic integration is likewise of great 
significance.

This position paper indicates that 
there are a number of options for the de-
sign of a future power supply system that 
feature a relatively similar level of elec-
tricity generation costs. As a rule, a stra-
tegic decision against individual tech-
nologies for technical, political or social 
reasons can be compensated at relatively 
low additional cost by resorting to al-
ternative generation technologies. This, 
however, requires early decisions in or-
der to avoid unnecessary investments. A 
cost-effective technology portfolio com-

posed of the two categories “fluctuating 
producers” (wind and photovoltaics) and 
“flexibility technologies”, and ranging 
within the boundaries of the respective 
framework conditions is the key to a sus-
tainable, secure and cost-effective power 
supply system.
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flexibility technologies portfolio? This 
position paper attempts to answer these 
questions, thus providing design options 
for the power supply system of the future. 
The methodology is described in chapter 
2, followed by the basic characteristics of 
the power system in 2050 in chapter 3. 
This includes an overview of the potential 
flexibility technologies used for the model 
calculations. Findings from the research 
into the mechanisms of public acceptance 
are used to assess the political feasibility 
of the respective technologies. On this ba-
sis, chapter 4 outlines design options for 
a choice of long-term energy policy chal-
lenges.

The results for the year in ques-
tion, 2050, can serve as guidelines for 
present-day decisions. They can, for in-
stance, provide indications as to what 
investments and strategic decisions for 
technological developments are required 
today in order to achieve the goals set for 
2050. The economic costs of these pro-
grammes would have to be considered in 
the political decision-making processes 
and carefully weighed against the cost 
savings the technological developments 
achieved by these programmes would 
bring about.

Germany has agreed on ambitious nation-
al goals in order to contribute to global cli-
mate protection: By 2050, German green-
house gas emissions are to be reduced by 
at least 80 per cent. This transformation 
of a major industrial country can also 
serve as a possible road map toward a 
low carbon economy. The power supply 
is to play a significant role in obtaining 
achieving the carbon emissions reduction 
goal while invariably remaining reliable, 
as cost-effective as possible and backed 
by a broad public consensus. Against this 
background, it is generally recognised 
that the future German supply system will 
largely build upon energy from renewable 
sources. Here, wind power and photovol-
taics will play a crucial role. 

For the future power system, this 
implies that unlike today, power gen-
eration will no longer be composed of 
the typical base load, medium load and 
peak load power plants1. It will, instead, 
be dominated by the strongly fluctuat-
ing electricity generation from wind and 
photovoltaics (PV). In addition, so-called 
flexibility technologies will ensure that 
power generation can, at all times, match 
the load.

But what flexibility technologies 
will actually be needed in 2050? How do 
the various potential systems differ in 
terms of cost? How do basic sociopoliti-
cal conditions affect the structure of the 

1 Today, baseload power plants are permanently operated 
with about 7,000 to 8,000 full-load hours per annum. 
Medium load power plants compensate periodic fluc-
tuations occurring in the course of the day with 4,000 
to 5,000 full load hours per annum (e.g. differences 
between daytime and nighttime consumption). Peak 
load power plants cover the additional peak demand in 
1,500-2,000 hours per annum.

In the electricity grid, power generation must, at all times 
meet the demand. Any disequilibrium between genera-
tion and consumption requires measures to restore the 
balance�

1 Introduction
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A method3 was developed that en-
ables the rough calculation of a power 
supply-design within a few minutes. It 
was used to sketch a large number of al-
ternative constellations for a future sys-
tem. These are presumed to satisfactorily 
cover the range of possible developments 
of the power supply system. This allows 
for a comparison of differently structured 
power systems and an assessment of the 
influence of different framework condi-
tions.

To obtain a valid and conclusive da-
tabase for the model calculations, the rel-
evant technologies were assessed by over 
one hundred experts4 from science and 
industry in ten working groups focused 
on different technologies. The resources 
required were likewise considered, along 
with social issues such as public accept-
ance.

The parallel expert group “Energy 
Scenarios” examined the flexibility re-
quirements of potential energy systems 
in 2050. The so-called residual load (the 
load that exceeds the possible feed-in from 
fluctuating sources and therefore remains 
to be covered by dispatchable plants) was 
identified as the pivotal parameter for 
these scenarios. 

A specially developed algorithm 
was then used to construct a cost-effective 
portfolio of flexibility technologies for the 
residual loads of these illustrative scenar-
ios, ensuring that their power demand 

3 The methodology has been described in detail in an 
analysis by Elsner et al. 2015. Also, an in-depth article is 
to be published in a relevant journal.

4 For a complete list of contributors, cf. Elsner et al. 2015.

Technical and economic modelling is an 
important tool to explore how energy sys-
tems work. Usually, such models centre 
on scenarios showing how the power sup-
ply structures can be transformed and re-
structured on the basis of renewable ener-
gy sources, and how this will affect carbon 
emissions and costs.

The desire to produce a realistic 
representation of existing energy systems 
with all of the important correlations and 
systemic interconnections has led to the 
development of more and more elabo-
rate calculation models. The computation 
time of these often highly complex models 
amounts to several days or even weeks, 
limiting the number of calculations that 
can reasonably be carried out as the basis 
for a study.

Different studies of the energy 
system employ a wide range of model-
ling approaches and assumptions. This 
makes a comparison of the results very 
difficult. The authors of a recent study2 
provided a comprehensive overview of 
the existing studies in the field of energy 
storage and flexibility provision, coming 
to the conclusion that “a comparative in-
terpretation of the range of results may 
only be carried out among the scenarios 
of the same studies”. The typically small 
number of comparable scenarios makes 
it difficult to identify correlations and 
interdependencies in the energy system. 
And this is precisely the starting point of 
the examinations this position paper is 
based on: 

2 BMWI 2014-2.

2 Methodology
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versions of technologies either already 
established or in the test period today. 
In order to assess their potential role in 
a future system, a realistic estimation of 
features like efficiency levels and costs 
in 2050 is necessary. For this purpose, 
more than 100 experts from academia 
and industry took part in a broad con-
sultation process, analysing the different 
technologies and quantitatively assessing 
them according to a standardized bench-
mark. The basic technical characteristics 
and cost data used in the model calcula-
tions were jointly adopted by the expert 
groups.

The study covers all power gener-
ation technologies based on fossil and 
renewable primary energy sources that 
are deemed relevant for 2050, along 
with the crucial storage technologies, de-

is covered at any hour of the year. In or-
der to take the various uncertainties and 
political preferences into account, these 
calculations were carried out for several 
parameter variations (e.g. limited tech-
nology availability, limited grid expansion 
and low / high carbon reduction targets). 
This allows for a comparison of differently 
designed power systems and the deduc-
tion of options for energy policy-relevant 
questions.

Figure 1 illustrates the working pro-
cesses of the ad hoc working group “Flexi-
bility Concepts”.

2.1 Assessing the flexibility options 

It can be assumed that the power supply 
in 2050 will be mainly based on refined 

Figure 1: Diagram of the working processes of the ad hoc working group “Flexibility Concepts”
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very limited expansion of the transmis-
sion grids or the exclusive use of minor, 
decentralised power generation plants.

2.2 Energy scenarios and flexibility 
requirements

The comparative scenario analysis was 
used to determine key factors influencing 
the flexibility requirements and to identify 
so-called robust lines of development. The 
term robustness describes a development 
that remains unaffected by the differences 
in various power system designs. In a first 
step, eight scenarios were selected from 
the variety of energy scenarios currently 
available for Germany. This choice is as-
sumed to cover the scope of developments 
of the future energy system as broadly as 
possible. The selection includes the fol-
lowing scenarios:

• S1 – Trend scenario8, 57 per cent of 
fluctuating renewable energy sources 
(FRES)

• S2 – Climate Protection Plan NRW – B 
CCS9, 45 per cent FRES 

• S3 – Target scenario10, 67 per cent FRES 
• S4 – Energy target in 2050 – Regional 

alliance11, 95 per cent FRES 
• S5 – Paths to 100 % renewable power 

supply – scenario 2.1.a12, 91 per cent 
FRES 

• S6 – Germany’s power system in 
2050 – the reference scenario13, 
83 per cent FRES 

• S7 – Scenarios for Germany‘s energy 
supply – SZEN 10014, 68 per cent FRES 

• S8 – Climate protection scenario 
2050 – climate protection scenario 9015, 
79 per cent FRES 

8 BMWi 2014-1.
9 WI 2014.
10 BMWi 2014-1.
11 UBA 2010.
12 SRU 2011.
13 Fh-ISE 2013.
14 BEE 2014.
15 BMUB 2014.

mand-side management potential, trans-
mission grids and power-to-X technolo-
gies.5

Experts analysed and evaluated the 
existing technologies and the prospects 
for their development by 2050, focusing 
on the technical possibilities and the costs 
of a flexible application. Technologies that 
have not yet reached the stage of commer-
cial trials were not taken into account.

The assumptions for the model cal-
culations were determined on the basis of 
expert estimates as to efficiency improve-
ments and cost reductions possible by 
2050.6 One condition applies to almost all 
technologies: The assumed technical and 
economic progress can only be achieved if 
the technologies are continuously devel-
oped and if the continued construction of 
the respective plants results in economies 
of scale.

The working group has likewise 
assessed the specific research and devel-
opment requirements as well as questions 
of public acceptance, the availability of 
materials and legal barriers that might 
impede the implementation of the differ-
ent technologies. The different framework 
conditions for the model calculations were 
determined on the basis of these apprais-
als. For instance, specific model calcula-
tions were conducted with a view to the 
public preference for small, decentralised 
technical solutions, and the widespread 
scepticism about the construction of pow-
er lines7. Variants considered included a 

5 Power generation based on nuclear fission was ruled out 
with view to the German Federal Government’s decision 
to phase out nuclear energy – a resolution which is 
backed by broad public support. However, even assuming 
the power generation costs currently presumed in the 
United Kingdom in a feed-in law for new nuclear power 
plants, this technology would, for economic reasons, 
still be ruled out. Power generation by means of nuclear 
fusion was not considered an option, as experts agree 
unanimously that even by 2050, no fusion power plant 
will have reached technical and economical operability.

6 For a complete list of the technology and cost parame-
ters used in the model calculations, cf. the appendix to 
Elsner et al. 2015.

7 Ohlhorst 2009; Wüste 2012.
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The production of synthetic gas or fuels 
by means of electricity is likewise a prom-
inent feature in some scenarios.

To limit the complexity of the anal-
ysis and ensure a degree of comparability 
for the subsequent calculation steps, the 
following simplifications were made:

• Only the annual electricity demand 
and the generation from run-of-river, 
photovoltaics and on- and offshore 
wind turbines were obtained from 
the scenarios and used as set values. 
Thus, the scenarios delineate the de-
velopment corridor for the fluctuating 
feed-in and the power demand. The 
additional power plants or the storage 
devices figuring in the scenarios were 
not considered.

• Standardised technical parameters 
were used for the fluctuating genera-
tion plants and uniform assumptions 
made as to the geographical distribu-
tion of wind and photovoltaic installa-
tions across Germany. 17

The temporal characteristics of 
power generation from wind and photo-
voltaics assumed in the calculations are 
based on weather data from 2008. That 
weather year witnessed two longish dark 
and windless periods, making it a rather 
challenging basis for the design of a sys-
tem. However, due to the exceptional eco-
nomic situation (economic crisis) of that 
year, the load curve, i.e. the hourly values 
of electricity demand, is not representa-
tive. Therefore, the load characteristics of 
2010 were applied. It was adapted by scal-
ing the respective power requirements of 
the scenarios.

17 It is partly owing to this simplification that the share of 
fluctuating renewables slightly deviates from the under-
lying studies.

Each scenario is representative of 
a specific (illustrative) line of develop-
ment, which is especially relevant for the 
estimation of the flexibility requirements. 
The scenarios differ mainly regarding the 
climate protection goals assumed (con-
tinuation of the current trend versus cli-
mate protection according to the federal 
government’s objectives or beyond), the 
use of specific technologies (e.g. Carbon 
Capture and Storage (CCS)) and, in par-
ticular, the share of fluctuating power 
generation from renewable energy sourc-
es (FRES).

A further scenario considered in 
this position paper assumes a power sys-
tem where the power generation potential 
from wind and photovoltaics exceeds con-
sumption (installed FRES -overcapacity 
with 136 per cent FRES).16

In the illustrative scenarios, the 
annual electricity demand varies between 
450 and 750 terawatt hours. A compari-
son with Germany’s current generation 
of around 600 terawatt hours will help 
to assess the dimensions correctly. The 
feed-in from the fluctuating renewable 
sources wind and photovoltaics accounts 
for about 15 per cent of total power gen-
eration today, whereas the proportion 
ranges between 45 and 95 per cent in the 
scenarios for 2050. This high variability 
is the result of different assumptions as 
to the extent to which efficiency measures 
will affect power consumption or whether 
an increasing electrification of the heating 
and transport sector is assumed. The lat-
ter would lead to a rising demand from a 
new category of power consumers, such as 
electric mobility or electric heat pumps. 

16 The particularity of this scenario compared to the other 
eight consists in the assumption and design of wind and 
photovoltaic capacities capable of generating about one 
third more electricity than is necessary to meet power 
demand. Thus, significant amounts of energy can be 
stored in long-term storage systems even with the losses 
factored in. This scenario serves as a benchmark for ap-
proaches aiming not only at a carbon-free power supply, 
but a system that relies almost completely on wind and 
photovoltaic systems. This scenario is not included in 
the analysis by Elsner et al. 2015.
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Dark and windless periods

The result of the model calculations largely depends on the weather data used. The longest 
period with no or only little power generation from wind and photovoltaics is decisive for the 
structure of the respective power supply system. Such periods are referred to as dark and 
windless periods. These periods are critical once their duration begins to impact the charge 
levels of the storage systems and the flexibility potential from demand-side management has 
been fully realised. In order to ensure supply security, sufficient additional power generation 
capacity and energy sources must therefore be kept available for the longest dark and wind-
less period that can reasonably be assumed. This capacity may be provided in the form of 
coal, natural gas or biomass, as well as water in large reservoirs or gas produced with renew-
able energies (power-to-gas).

The results presented in this positions paper are based on the weather conditions in 2008. As 
that year contained two comparatively long dark and windless periods, it provides a rather 
challenging weather scenario. Nevertheless, we cannot exclude the occurrence of occasional, 
even longer periods without sun and wind. In such an event, even more stored energy would 
be required. Basically, however, a mix of wind power plants and photovoltaic systems helps to 
mitigate the impact of extreme weather events.

Residual load

The residual load is equivalent to the difference between the total power demand of all elec-
tricity consumers and the total amount of power generated from fluctuating renewable en-
ergies. It is imperative that the residual load be kept at zero at all times. This is achieved by 
means of flexibility technologies.

A positive residual load signifies that the feed-in from wind and photovoltaics is not sufficient 
to meet the demand. Here, two courses of action are possible: Either additional power is 
provided, for instance from flexible power plants (e.g. natural gas, coal, or bioenergy plants) 
or storage devices, or else consumption is reduced by switching off flexible consumers (de-
mand-side management). A negative residual load occurs when power generation from wind 
and photovoltaics exceeds the demand at a certain point in time.

In this case, the excess power can be used to fill up storage systems, operate flexible con-
sumers or convert power into other forms of energy or energy sources (for example, power-
to-heat or power-to-gas). As an alternative, wind power or photovoltaic capacities could be 
switched off. Thus, the continuous necessity of balancing the load defines the flexibility a 
power system requires.

For each scenario, the residual load was cal-
culated on the basis of hourly values, i.e. for 
8,760 hours per annum. The residual load 
describes the amount of power required in 
addition to the fluctuating electricity pro-

vided by wind and sun (positive), or else the 
amount of possible power surpluses (neg-
ative). This difference between electricity 
demand and consumption determines the 
respective flexibility requirement.
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Figure 2 shows the temporal curve of the 
residual power demand on the basis of the 
data from exemplary weather year 2008. 
The effect of prolonged weather phenome-
na is clearly visible: around the hours 900 
to 1,200, there is a two-week period, and 
around hour 8,000, a three-week period 
featuring constantly high positive residual 
loads. During these times, a particularly 
large number of regulatable power plants 
(coal, gas, biogas, etc.) or long-term stor-
age systems will have to meet the demand. 
This is due to a very low power supply 
from photovoltaic and wind power plants 
(dark and windless period). Such extreme 
situations are pivotal for the definition of 
the absolute amount of reliably available 
power required (necessary capacity) and 
the appropriate mix of flexibility options. 

Figure 3 shows the annual fluctuating 
feed-in from wind and photovoltaics, as well 
as the residual load for each of the scenar-
ios contemplated. In some scenarios, wind 
and photovoltaics meet the demand almost 
completely (S4, S5); in Scenario S9, the en-
ergy generated over the year even exceeds 
the demand. In other scenarios, however, 
still more than half of the electricity demand 
is covered by other generation technologies 
such as conventional power plants, geother-
mal plants and biomass power plants. While 
storage systems or demand-side manage-
ment can shift a part of the electricity de-

mand to other times, they cannot make any 
direct contribution to power generation. If 
in times of power surpluses the fluctuating 
feed-in is curtailed, i.e. wind and solar plants 
are taken offline, the required amount of ad-
ditional power generation will increase.

2.3 Model calculations

On the basis of the identified residual 
loads, the model calculations aimed at set-
tling two issues: They were to determine 
the most cost-effective mix of flexibility 
technologies to meet the power demand 
in each scenario and to establish when to 
employ what technologies over the course 
of a year. To this end, a new calculation 
method was developed on the following 
framework conditions and assumptions:

• The subject of the analysis is technolo-
gies assumed to be relevant for provid-
ing flexibility in 2050.

• The model calculations are limited to 
Germany; any possible flexibility pro-
vision by neighbouring countries is not 
taken into consideration. 

• The focus is on the power sector. The 
heating market, the gas market and 
electric mobility will only be consid-
ered in terms of their potential for 
providing flexibility or utilising power 
surpluses (negative residual load).

Figure 2: Residual load for scenario S6 (for definition c.f. e.g. figure 3) for the entire year (left) and for a section of that year of a little over a month (right)
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• The design of the technology portfolio 
is based on economic considerations: 
Power generation costs are minimised 
with regard to the investment and op-
erating costs of the plants. Manage-
ment interests or specific market mod-
els are not considered.18

• The analysis is structured in reference 
to the base year. For methodological 
reasons it is assumed that all plants are 
newly built in 2050 (“greenfield” ap-
proach). Therefore, the analysis does 
not trace the development of the plant 
portfolio from the current status up to 
the year 2050. For the sake of simplifica-
tion, it is assumed that a completely new 
portfolio of power plants will be built. 
The grid infrastructure, on the other 
hand, is assumed to be uniformly and 
perfectly developed (“copper plate”).

18 Unlike the gross electricity demand, the net electricity 
demand includes neither the power required to run 
the plant nor the occurring transmission losses. This 
accounts for certain divergences from the data in the 
underlying studies.

• The calculations are based on data from 
weather year 2008. That year provides 
a rather challenging basis with regard 
to the provision of energy from fluctu-
ating renewable energy sources (due to 
e.g. long dark and windless periods).

• The entire year will be split into hourly 
values, allowing the identification and 
use of only those storage systems that 
still contain sufficient energy from pre-
vious charging phases.

• The share of wind and photovoltaics is 
predetermined by the scenarios. The 
economically optimal share of wind 
and photovoltaics was not calculated; 
however, the costs of wind and photo-
voltaic power plants are considered ac-
cording to their respective development 
status. In other words, only the portfo-
lio of flexible technologies is optimised, 
not the entire power supply system. In 
return, the comparison of several sce-
narios allows for the inclusion of a wide 
range of possible development scenari-
os for wind power and photovoltaics.

Figure 3: Net electricity generation from wind and photovoltaics in the nine scenarios selected. The percentages of 
wind and photovoltaics ascribed to each scenario are based on the net electricity demand18 and represent maximum 
shares, assuming no curtailment of fluctuating generation takes place. 
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The calculation takes only a few 
minutes on a standard PC. The ad hoc 
working group took advantage of this in 
order to calculate numerous variants for 
each scenario. Based on the interdiscipli-
nary reviews of the expert groups, various 
framework conditions were determined 
for the design of the flexibility portfo-
lio. These basic conditions show a range 
of characteristic paths the development 
of the power system could take. They in-
clude:

• high and low carbon saving levels
• the greatest reasonably assumable cost 

reduction for CSP, geothermal energy, 
photovoltaics and wind power

• a system with and without energy im-
ports 

• a system with and without CCS
• 100 per cent renewable energy
• a system with solely decentralised gen-

eration plants and reduced grid expan-
sion21

All in all, some 140 possible designs for a 
future power supply system (“system vari-
ants”) were calculated. They are presumed 
to realistically cover the range of possible 
developments of the power supply. Thus, 
many possible power system configura-
tions can be outlined and compared. Also, 
the influence of different framework con-
ditions such as political decisions for or 
against specific technologies can be ana-
lysed.

A system variant based on the wind 
and photovoltaic shares and the electric-
ity demand figuring in the federal gov-
ernment’s target scenario serves as refer-
ence scenario. It appears in chapter 4 as 
a benchmark for various configurations of 
the power system.

21 A complete list of the model calculations can be found in 
the analysis “Flexibility concepts for a sustainable power 
supply in 2050” (Elsner et al. 2015).

• The data for fuel prices and emissions 
allowance costs for 2050 are taken 
from the German Federal Govern-
ment’s 2014 energy reference progno-
sis19.

• All calculations are carried out on the 
2014 price level without taking into ac-
count the effects of inflation.

The model calculations yield the following 
results: the installed capacity20 required 
for all flexibility technologies, the annual 
power generation of each technology, the 
annual carbon emissions of the electricity 
sector and the total cost of the power sys-
tem (excluding grid costs). This data, in 
turn, was used to compute the electricity 
generation costs in the various different-
ly-designed power systems (generation 
and flexibility technologies). As a mac-
ro-economic approach was chosen, these 
costs do not include taxes, levies or con-
cession fees.

The scope of application of this cal-
culation method being limited, it does not 
show all operational optimisation poten-
tial. Naturally, inaccuracies occur. How-
ever, with a view to the aim of this study – 
i.e. the comparison of differently designed 
power generation systems – these inaccu-
racies are considered to be of little signif-
icance. Moreover, as the assumptions un-
derlying the scenarios reach 35 years into 
the future, they are, in any case, subject to 
high uncertainties. 

Nevertheless, the findings from 
this study can support policy decisions – 
the advantage of this calculation method 
being that a wide sensitivity analysis al-
lows for the consideration of a variety of 
technical and social factors. Thus, a large 
scope of possibilities can be covered.

19 BMWi 2014-1; for instance, the prognosis assumes a 
gas price of 33.1 euros per megawatt hour (thermally, 
i.e. referring to the heat energy contained) and a carbon 
allowance price of 76 euros per tonne. 

20 The installed capacity indicates the plants’ maximum 
output. Because the operation of the system is dynamic, 
the maximum output is only achieved at certain times.
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The reference scenario 
(based on the federal government’s 2014 target scenario22)

The energy reference forecast drawn up for the Federal Ministry for Economic Affairs and 
Energy contains a target scenario aimed at the fulfilment of the German climate protection 
goals. It identifies the interim results required to meet the targets of the federal government’s 
energy concept. The concept assumes that with the consistent implementation of efficiency 
measures, an incremental reduction in gross electricity consumption can be achieved: from 
553 TWh in 2020 to 509 terawatt hours by 2030, and eventually 475 terawatt hours by 2050. 
However, new fields of application for electricity such as electric mobility or heat generation 
with electric heat pumps somewhat counteract the reduction in power demand. A possible 
production of gas and chemical upstream products with electricity, which would further in-
crease the power demand, was not taken into account in the target scenario. At the same 
time, the share of renewables23 in gross electricity consumption24 increases from 46 per cent 
in 2020 to above 62 per cent in 2030, to an eventual 79 per cent in 2050.

For the purposes of this position paper, a power system featuring the renewable share (67 per 
cent) and the net electricity demand (458 terawatt hours in 2050) from the German Federal 
Government’s target scenario is used as reference scenario. The respective flexibility portfolio 
is calculated by means of the method used for all variants. With a view to the risks their im-
plementation might cause, the reference scenario excludes both the lignite CCS technologies 
and solar thermal power generation; it also stipulates a carbon reduction target of 90 per cent 
compared to the 1990 level. The resulting flexibility portfolio is shown in figure 6.

22 BMWi 2014-1.
23 Including not only wind and photovoltaics, but also 

other renewable energies such as biomass.
24 Unlike the net electricity demand, the gross electricity 

demand includes both the power required to run the 
plants and the occurring transmission losses. 
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From the scenarios, we can derive some 
basic features of the 2050-power supply 
system. This chapter presents the availa-
ble flexibility technologies, including the 
framework conditions relevant for the 
model calculations and the requirements 
from research and development. Besides 
the technological development, public ac-
ceptance plays an important role in their 
implementation.

3.1 Flexibility technologies –
 an overview

The power supply system in 2050 will con-
sist of a mix of fluctuating generators and 
flexibility technologies. A combination of 
these two technology groups must ensure 
the balance between generation and con-
sumption necessary for the safe operation 
of the electricity grid at all times.

Flexibility technologies are defined 
as units able to perform one of the follow-
ing on demand: increase or decrease the 
feed-in of electricity (flexible power gen-
erators), postpone the electricity demand 
to a later period in time (flexible loads) 
or shift surpluses for use in other times 
(storage). Electricity grids are capable of 
balancing loads across spatial distance 
and can therefore complement the afore-
mentioned technologies. In order to keep 
the analysis manageable, the technology 
portfolio was restricted to the most im-
portant technologies (cf. figure 3).25

25 For a detailed description of each technology and of 
the assumptions the model calculation are based upon 
cf. the analysis by Elsner et al. as well as the technol-
ogy fact sheets drawn up by expert groups (available 
for download at http://www.acatech.de/flexibilitaet-
skonzepte-2050).

In order to actually realise the po-
tential of a flexible power system in 2050, 
significant research and development pro-
gress is still necessary in some areas.

3 The power supply in 2050
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Figure 4: Technology portfolio figuring in the model calculations26

1) The amounts of energy generated are determined by the scenarios. For photovoltaic systems, a mix of rooftop 
and open space installations was assumed. 

2) Powered with biomethane fed into the natural gas grid; this assumption was made to simplify the model and 
is not intended to exclude other technologies for biomass power generation. The potential is not assumed to 
exceed double the biomass currently used for power generation.

3) Solar thermal power plant sited in Morocco; optionally equipped with thermal storage and an additional com-
bustion unit for natural gas.

4) Enhanced Geothermal Systems (Hot-Dry-Rock-Method), cf. geothermal power generation; the assumed potential 
reaches a maximum of 30 GW installed electrical capacity.

5) The amount of the possible lignite mining was limited to the present level.
6) Only systems with a steady heat demand over the year were considered (potential: 2.4 GW installed electric 

capacity).
7) In the case of hydrogen storage systems, only gas turbines were considered as a means of reconversion. In prin-

ciple, fuel cells could likewise be used. Should, for instance, a mass market for fuel cells emerge in the automo-
tive sector resulting in massive cost reductions and a longer life time for fuel cells, they might eventually come 
cheaper than gas turbine systems, especially in the case of plants with lower load factors.

8) Adiabatic CAES (compressed air energy storage with integrated heat recovery)
9) This does not refer to any specific battery technology; rather, a generic type is used, summarising potential 

developments by 2050.
10) Assumed overall potential for positive balancing energy, i.e. power supply: household sector (including the use of 

PV-battery systems and electric vehicle batteries): 65 GW; commerce, trade and services: 1 GW; industry: 3.4 GW.
11) Only systems with a steady heat demand over the year were considered, mostly hot water systems.
12) Heat generation by electrode boilers for steady heat loads (base load) throughout the year in the fields of district 

heating and industry (assumed potential: 9 GW electric power); the credits for costs and carbon emissions com-
ing with the heat generated reflect the costs and emissions avoided by not using natural gas. 

13) Synthetic methane produced by electrolysis and methanation; the credits for costs and carbon emissions coming 
with the methane generated reflect the costs and emissions avoided by not using natural gas.

14) High-voltage DC transmission (considered in the context of power transport from CSP plants and of transmission 
grids for regional interconnection) 

26 The provision of electricity from run-of-river-power 
is, in principle, also subject to fluctuations, but to a far 
smaller degree than in the case of wind and PV. While 
its current installed capacity is roughly taken into 
account for the estimation of the residual load, it is not 
included in the proportion of fluctuating renewables. 
The costs of run-of-river-power are neglected. Since 
the amount of energy from run-of-river-plants is about 
the same in all scenarios, this does not distort the cost 
comparison between the different variants of the power 
system we present in this paper.
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Technology Research and development requirements

photovoltaics • cheaper production methods
• increased efficiency
• development and innovation, e.g. by using new materials
• intelligent systems solutions, for instance, highly integrated inverter battery systems

wind power • modelling of wind conditions and effects of aerodynamic phenomena on the wind turbine
• increasing grid-stabilising properties (short-term predictions, voltage and frequency stability) to improve system 

integration
• new materials and supporting structures / anchors
• more economic manufacturing processes
• ecological impacts of offshore wind power

biomass • conversion technologies, e.g. gasification of solid fuels 
• making generation plants more flexible
• technologies to utilise biogenic residues and by-products
• quantifying the potential

solar thermal 
energy 

• increasing process temperature by more powerfully concentrating collector systems (increasing efficiency)
• alternative heat carrier fluids and storage systems for the application range from 600 to 1,200 ° C to increase efficien-

cy and reduce the volume of storage devices
• integration of high-temperature circuits (e.g. gas turbines)
• more economic high-temperature heat storage materials

geothermal 
energy

• cost-efficient, minimally invasive techniques for exploratory drilling
• technical components for a hot, corrosive environment
• optimising the methods for deliberate creation of hydraulic fissures
• long-term studies on the usability of drillings

conventional 
power plants 

• dynamic simulation of power plants for a better quantification of the impacts of flexible operation modes 
• integration of storage systems into the power plant process to improve flexibility
• further development of Carbon Capture and Usage (CCU) and coal gasification
• materials adapted to a flexible mode of operation

storage
systems

• improvements or fundamental innovations of processes, materials, electrolytes and system components
• cost-effective, innovative materials and manufacturing processes reusing and avoiding rare elements
• increasing efficiency and operational safety
• optimising the integration into the overall energy system

DSM electricity • economic models for the analysis of the entire energy value chain
• technical requirements for hardware and software DSM components
• design of equipment and processes according to DSM requirements; standardisation, development and testing of 

intelligent methods to control and regulate the interaction of a large number of decentralised units in the power 
system

• systematic field studies on the active acceptance of DSM on the basis of large samples, in particular in the fields of 
electric mobility and PV storage devices

DSM heat • coupling the heat and electricity markets
• tariff models effectively encouraging the use of flexibility potential 
• intelligent regulatory concepts considering ancillary services for balancing the electricity grid
• further optimisation of hybrid systems, e.g. hybrid heat pumps operable with electricity and / or natural gas

power-to-X • reduction in investment costs
• technologies for the electrical generation of high-temperature heat (power-to-heat) in the industrial sector
• electrical production of syngases as raw materials for the chemical industry

grids • intermeshed operation of DC grids and DC and AC hybrid grids
• methods for the automation of grids across several voltage levels, including the provision of ancillary services from 

the distribution grid
• technological innovations in the field of power electronics equipment and transmission technologies
• cost-effective measures to minimise field exposure, as stated in the German Federal Emmission Control Act

Table 1: Research and development requirements for flexibility technologies
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3.2 Acceptance of specific 
flexibility technologies

After the phase-out of nuclear energy, 
public attention is now focussed on pro-
tests against certain technological and in-
frastructural features related to the ener-
gy transition.

According to surveys and scientific 
studies, the majority of the Germany pub-
lic agrees with the Federal Government’s 
environmental and climate protection 
targets, as well as with the decision to 
phase out nuclear energy. Of all energy 
technologies, renewable energy plants 
meet with the greatest public approval. 
Amongst the various RE technologies, 
however, biogas plants are regarded as 
significantly more critical than solar and 
wind power plants.27 The majority of re-
spondents prefer small, decentralised 
power plants to large and more central-
ised systems.28

The attitude toward coal as an en-
ergy source is largely negative: barely a 
quarter of the population supports its use 
in Germany. The use of conventional nat-
ural gas, on the other hand, meets with 
the approval of around half of the pop-
ulation.29 There is enormous scepticism 
toward large-scale technologies such as 
CCS.30 Electricity grids and storage sys-
tems are regarded with a wary eye, par-
ticularly where it is feared that they are 
built to transport and store energy from 
coal power plants rather than from renew-
able energy plants.31

It is becoming clear in current de-
bates, e.g. about the construction of the 
power line SuedLink32, that it is difficult to 
introduce new technologies against resist-

27 AEE 2012.
28 Ohlhorst 2009; Wüste 2012.
29 IEK-STE 2014.
30 Pietzner/Schuhmann 2012.
31 Hübner/Hahn 2013; Bruns et al. 2012.
32 Cf. e.g. Balser 2015.

ance from within the population. In order 
to assess the chances of the implementa-
tion of specific technologies, we consulted 
surveys33 on their respective likelihood of 
acceptance. Certain technologies classi-
fied as critical were excluded from most 
model calculations34, but were admitted 
as possible options in selected variants, 
allowing for an estimate of their impact.

There is usually a comparatively 
high level of passive acceptance for 
locally employed flexibility technologies 
such as electric mobility, photovoltaics 
or demand-side management. In other 
words, in principle their use is support-
ed.35 However, the flexibility contribu-
tion they can make largely depends on 
active acceptance.36 This reaches well 
beyond tolerance and refers to the will-
ingness to actively use a technology and, 
as the case may be, even to actually buy 
it. The problem is that there is hardly 
any empirical data to suggest whether 
citizens would actually permit the “out-
side” control of their electric devices in 
a system of demand-side management. 
Knowledge in the field of social accepta-
bility needs to be expanded by further 
scientific studies.

3.3 Characteristics of the future 
power system

The residual loads computed for the in-
dividual scenarios can be represented as 
a load duration curve for the year 2050 
(Figure 5).

The load duration curve shows the 
number of hours during which the re-
sidual load is positive or negative over 
the course of a year. The x-intersect (0-

33 E.g. Hübner et al. 2012; TNS 2012; TNS 2013.
34 However, studies on the acceptability of overall systems, 

including the entire technology portfolio as well as 
questions of power generation, storage, grids and DSM 
are, as yet, pending.

35 Demski et al. 2013; TNS 2012.
36 Dethloff 2004.
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line) indicates the number of hours per 
annum, in which power demand exceeds 
the feed-in from fluctuating renewables. 
Starting from the current load duration 
curve (current state 2013, black line), 
the line drops as the fluctuating feed-
in increases. This means that the num-
ber of hours with positive residual load 
decreases, i.e. there are steadily fewer 
hours per year in which wind and photo-
voltaics cannot meet the assumed power 
demand; at the same time, the potential 
for the use of power surpluses increas-
es. Thus, in the scenarios assuming that 
wind and photovoltaics cover around 90 
per cent of power consumption, addi-
tional electricity generation is required 
in only about 50 per cent of the hours per 
annum; in the remaining time, a power 
surplus is generated.

Accordingly, the annual operating 
hours for power plants decreases with 
the increase in fluctuating feed-in. None 
of the scenarios contemplated requires 
continuously running power plants37. Fur-

37 Plant downtimes for maintenance purposes were not 
considered.

ther analyses also show that a significant 
increase in the load gradient (the rate of 
change of the load) is to be expected. Con-
sequently, if a high proportion of renewa-
bles is the aim, the generation portfolio in 
2050 will have to be much more flexible 
than it is at present in order to ensure sys-
tem stability.

Figure 5: Load duration curve of the residual load for 2050
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flexibility power in the portfolio of flexi-
bility options. The use of conventional 
lignite power plants is also still possible 
with this emissions reduction target (cf. 
system variant S3 with lignite in figure 6). 
Usually, the reduction in excess wind and 
photovoltaic power combined with addi-
tional power generation from natural gas 
is economically more cost-efficient than 
the storage of electricity surpluses. For 
this reason, long-term storage systems 
are rarely used in scenarios with a residu-
al emissions rate of 20 per cent.

2) Carbon reduction target of 90 per cent
This ambitious reduction target can be 
achieved with several differently designed 
power systems: In the reference scenario, 
where two thirds of the energy demand is 
covered by wind and photovoltaics, bio-
energy replaces the flexible lignite power 
generation (system variant S3 with bioen-
ergy – reference scenario in figure 6). Al-
ternatively, lignite power plants could be 
equipped with CCS technology units (sys-
tem variant S3 lignite CCS). In this case, 
the use of natural gas in combined-cycle 
power plants (CCGT) likewise decreases. 
This is illustrated in figure 7, which shows 
the installed capacities for each technolo-
gy as well as the amount of electricity it 
provides.

With higher proportions of wind 
and photovoltaics, long-term storage de-
vices such as hydrogen storage systems 
play an important role, as under these 
conditions they are less expensive than a 
combination of flexible generation facili-
ties and the reduction of excess power (cf. 
S4 FRES and storage systems in figure 
6). This is due to the fact that with a high 

The following chapter is dedicated to 
the examination of selected energy pol-
icy issues on the basis of the results we 
achieved. After a brief introduction to 
each question, different options for solu-
tions are presented (wherever possible), 
followed by a description of their respec-
tive consequences.

4.1 How do the emissions 
reduction targets affect 
flexibility requirements?

The federal government aims to reduce 
carbon emissions by at least 80 per cent 
by 2050. Many current energy scenarios 
assume that it is easier or at least quicker 
to decarbonise the electricity sector than 
the heat or transportation sector, let alone 
industry.38 For that reason, we have con-
trasted a power system with an emissions 
reduction of 80 per cent with system var-
iants aiming at a disproportionate reduc-
tion in greenhouse gas emissions in the 
power sector (90 and 100 per cent). The 
effects are reflected both in the structure 
of the power plant portfolio and in the re-
sulting power generation costs. Figure 6 
shows an example of how carbon reduc-
tion targets and the structure of the power 
plant portfolio are connected. 

1) Carbon reduction target of 80 per cent
In order to ensure a flexible power sys-
tem with 80 per cent carbon reduction, 
natural gas power plants are a viable op-
tion. Natural gas power plants account 
for more than four fifths of the installed 

38 SRU 2011.

4 Design options for the power system in 2050
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proportion of fluctuating feed-in, flexible 
generation plants would only operate at 
a low utilisation rate. At the same time, 
the power surpluses generated in times 
of strong wind and solar radiation amply 
secure a sufficient utilisation of long-term 
storage systems.

A common point of all power sys-
tems with an emissions reduction of 80 or 
90 per cent is the extensive use of natural 
gas power plants: About 90 per cent of the 
maximum residual load can be covered by 
gas turbines and combined-cycle plants. 
In total, however, these plants only con-

Figure 6: Design examples of power systems (without PV- and wind turbine-outputs) with emissions reduction 
targets of 80 per cent, 90 per cent and 100 per cent, respectively. Behind the scenario number, the respective 
proportions of uncurtailed feed-in of fluctuating renewables (FRES) and the main characteristics are indicated. The 
differences in the total installed capacity are due to the varying power requirements in the different scenarios.

Gas turbine and combined-cycle gas turbine power plants

Gas turbine (GT) and combined-cycle gas turbine (CCGT) power plants have significantly low-
er investment costs and carbon emissions than bituminous coal or lignite power plants. The 
possible fuels, however – natural gas, methane, biogas, hydrogen – are considerably more 
expensive than various types of coal. Hence, GT and CCGT power plants are used wherever 
utilisation is low or when the use of coal-fired plants is partly or totally impossible for reasons 
of emissions reduction.

Experts estimate that in 2050, GT and CCGT power plants will be able to reach efficiency rates 
of 45 and over 60 per cent, respectively. The higher efficiency of CCGT plants results from a 
combination of gas and steam turbines, which, however, also entails higher investment. Ac-
cordingly, GT power plants are used when very low load factors are expected, whereas CCGT 
plants are used when a higher number of full load hours is required.

As the basic mechanism of the power plants does not vary in terms of essentials for different 
fuels, they can be used very flexibly. GT power plants, in particular, can be ramped up very 
quickly.



26 Design options for the power system in 2050

TWh (about 15 per cent of the electricity 
demand) (cf. figure 6). Nevertheless, the 
use of biogas is projected to be about twice 
as high as today. Whether biomass should 
be used to that extent for the power sector 
would have to be determined on the basis 
of a national biomass strategy and taking 
the regional and global consequences into 
account.

The extreme case of a system gen-
erating more power with wind and photo-
voltaic plants than is altogether required 
(S9 with installed FRES -overcapacity) is 
shown in figures 5 and 6. In such a scenar-
io, combined-cycle power plants with bio-
gas combustion are only rarely employed, 
as utilisation rates are low and the ensuing 
costs high. Instead, around 35 gigawatts 
worth of gas turbines are required in each 
case for biogas combustion and for hy-
drogen. The output of around 15 terawatt 

tribute 15 to 35 per cent to the total energy 
provision (cf. figure 7). In other words, the 
plant’s main objective is to reliably secure 
the power supply, rather than to regularly 
provide energy on a large scale.

3) Reduction target of 100 per cent
For the reasons mentioned above, long-
term storage systems play a central role in 
a completely emissions-free power sector. 
Significantly more hydrogen storage de-
vices are required than for less ambitious 
reduction targets (cf. S4 FRES, bioenergy 
and storage in figure 6).39 Biomethane, in 
turn, replaces natural gas as fuel for gas 
power plants and combined-cycle power 
plants. The installed capacity amounts to 
about 50 gigawatts, which equals around 
70 per cent of the total installed capacity 
of flexibility technologies. However, the 
amount of electricity actually provided by 
bioenergy is a comparatively moderate 65 

39 Further possible variants of an emissions-free power 
system are described in section 4.2.

Figure 7: Exemplary distribution of the installed capacity and electricity generation shares in the technology portfolio (including FRES) assuming emissions 
reduction targets of 80, 90 and 100 per cent. Every constellation is exemplified by one scenario, the basic conditions of which are specified; the output 
shares are shown in reference to the installed peak power, the energy shares in reference to the total energy supply of the portfolio.
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hours of electricity from biomass amounts 
to only about a third of the power current-
ly generated from biomass. In short, this 
scenario achieves not only independence 
from energy imports of all kinds, but also 
a very low use of biomass, reducing carbon 
emissions in the energy sector to zero.40

Figure 8 allows for a comparison 
between the Frozen Scenario and the dif-
ferent power systems regarding the re-
spective relation of additional costs and 
carbon savings. Costs are presented with-
out emissions certificate costs, as well as 
with emissions certificate costs of 76 euros 
per tonne of CO2.

It becomes clear that, assuming 
an emissions allowance price of 76 euros 
per tonne, a complete decarbonisation of 
the electricity sector is in almost all cases 
more cost-efficient than maintaining the 
power generation portfolio of 2025. Even 
the installation of an overcapacity of wind 
and photovoltaics, which would make the 

40 This is about twice the current price at the energy ex-
change in Germany. The difference results from the fact 
that current trading only partly reflects the investment 
costs: Basically, the trade price for power only covers 
the operating and fuel costs (i.e. the so-called short 
run marginal costs). Since new investments cannot be 
refinanced (the long-run marginal costs are not covered), 
the current price level is insufficient as far as maintain-
ing a stable energy supply in the long-term is concerned.

electricity sector independent of imported 
energy while requiring very little use of 
bio-energy, could then be effected without 
any additional costs compared to the Fro-
zen Scenario.

This is due to the fact that, under 
the cost assumptions made for 2050, fluc-
tuating renewable energy sources can pro-
vide power at comparatively low costs and 
emissions. At the same time, the high ex-
penses for emission allowances increase 
the costs of a system with low carbon sav-
ings as assumed in the Frozen Scenario. 
An emissions reduction by 90 per cent 
compared to 1990 hardly entails any ad-
ditional costs compared with 50 per cent 
compared to 1990. A further reduction 
from 90 to 100 per cent will, in most sys-
tem variants, increase costs by 10 or 15 
euros per megawatt hour. The absolute 
electricity generation costs are, however, 
still below those of the Frozen Scenario.41 
Additional relevant costs will only arise 
in systems with low shares of wind and 
photovoltaics, where more expensive gen-
eration technologies such as geothermal 
energy are used. 

41 Disruptive developments in the field of fossil fuels (e.g. a 
greater price increase than expected) that do, indeed, ap-
pear possible, were not considered. Such developments 
would further increase costs in the Frozen Scenario.

Frozen Scenario

The Frozen Scenario takes the power plant portfolio in the BMWi-trend scenario (2014) fore-
casts for 2025 and “freezes” it for use in the period beyond that time. In other words, it de-
signs the case that the power supply system remains unchanged after the nuclear phase-out 
in 2023 and does not undergo any further transformations.

For the sake of comparability, this power generation portfolio was evaluated on the basis of 
the costs assumed for the year 2050. This implies electricity generation costs in the amount 
of 67 euros per megawatt hour40, excluding costs for emissions certificates. If emissions cer-
tificate costs of 76 euros per tonne of CO2 are included, the power generation costs rise to 
96 euros per megawatt hour. In the Frozen Scenario, the generation of one megawatt hour 
of electricity produces 0.380 tonnes of carbon emissions. This is a reduction of about 50 per 
cent compared to 1990.
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Conclusion

The model calculations suggest that an ear-
ly definition of the long-term emissions re-
duction target for the power sector is vital 
if we wish to avoid investing in the wrong 
technologies. It shows that gas turbine 
technology in all of its system variants is 
being used to a great extent. It is true that, 
independent of the carbon reduction tar-
get, the installed capacities of gas plants 
and combined-cycle plants equal a rela-
tively similar level in the different scenar-
ios. However, the carbon reduction targets 
and the share of fluctuating renewable en-
ergy sources determine whether the plants 
in question are powered by natural gas, bi-
ogas or hydrogen. Consequently, if in the 
near future we are successful in designing 
new gas power plants that can be flexibly 
operated with natural gas, biogas and hy-
drogen, robust development paths toward 
a carbon-free power supply system open 
up. This enables a successive transition to 
low-carbon fuels in step with continuously 
more ambitious carbon reduction targets. 
Eventually, this could allow for mixtures 
with higher hydrogen concentrations or 
even the use of virtually pure hydrogen.

A fully decarbonised power system 
could, for instance, be achieved by means of 
a functioning emissions trading system. For 
with a price of 76 euros per tonne of CO2, 
it is cheaper to reduce carbon emissions in 
the power sector to zero than to maintain 
the power plant portfolio of 2025 (Frozen 
Scenario). Without resorting to emissions 
allowances, carbon emissions cannot be re-
duced by more than 80 per cent compared 
to the 1990 level without incurring addition-
al costs compared to the Frozen Scenario.

4.2 Possible features of a power 
supply system with 100 per 
cent renewables

An emission-free power supply can only 
be achieved if it is based entirely on re-
newable energy sources (e.g. photovol-
taics, wind, biogas, geothermal and solar 
energy).42 In all scenarios contemplated 
here, the power is largely generated by 
wind and photovoltaic systems. 

42 Theoretically, carbon-free power generation is possible 
with the use of CCS. However, concerning the residual 
emissions that usually accrue on the order of about ten 
per cent, this case was not considered here. 

Figure 8: Additional costs per megawatt hour compared to the Frozen Scenario for different carbon reduction 
levels and, respectively, with and without consideration of emission certificate costs
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amounts to about 90 terawatt hours of 
electricity from hydrogen in long-term 
storage systems and a good 15 terawatt 
hours from biomass. Consequently, in 
this variant of the power system, the bi-
ogas consumption is significantly lower 
than today43, amounting to only about 
40 terawatt hours (thermal) per annum. 
Due to the high energy surpluses from 
fluctuating wind and photovoltaics, the 
load factor of the hydrogen storage devic-
es is significantly (between 150 and 200 
per cent) higher than in systems with less 
than 100 per cent FRES.

2) Zero carbon emissions with more than 80 
per cent of fluctuating renewables

In an emissions-free power system with 
wind and photovoltaic shares of more 
than 80 percent, the remaining electric-
ity demand can be met with bioenergy. 
This would require approximately 200 
terawatt hours (thermal) worth of biogas, 
about twice the current amount. Such a 
system would largely rely on generation 

43 Current consumption is an estimated 100 terawatt 
hours (thermal).

Since this type of energy generation is 
subject to fluctuations, it cannot by itself 
ensure a full supply of electricity at all 
times. It must therefore be complemented 
with flexibility technologies such as stor-
age systems or demand-side management 
and dispatchable energy technologies 
like biogas plants or solar thermal power 
plants with integrated heat storage.

In a first step, we will first be con-
sidering four design options for a com-
pletely carbon-free power system. This is 
followed by a fifth option, exemplifying a 
power system where a low level of residual 
emissions persists. Figure 9 shows exam-
ples of possible technology portfolios for 
the five respective power systems.

1) Zero carbon emissions with installed 
overcapacity of fluctuating renewables

It turns out that long-term flexibili-
ty requirements can be completely met 
with gas turbines fuelled by biogas and 
hydrogen from long-term storage sys-
tems. Such a power system design re-
quires around 70 gigawatts worth of in-
stalled gas turbine capacity. Their output 

Figure 9: Technology portfolios for possible power systems with 100 per cent emissions reduction or very low 
residual emissions (about four per cent)
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technologies already established today 
(wind and photovoltaics), complemented 
by hydrogen storage devices with an in-
stalled capacity of about 20 gigawatts.44 
This technology is likewise already being 
tested in demonstration plants. Several 
issues in the field of gas, i.e. gas storage, 
the development of gas production and its 
large-scale use still require significant re-
search and development efforts.

Should the amount of available bi-
omass not suffice for its use in the pow-
er sector, the use of long-term storage 
systems could be extended, storing more 
surpluses from wind and photovoltaics. 
In the power system illustrated in figure 
9 (FRES-share above 80 per cent), almost 
ten per cent of the power from wind and 
photovoltaics is curtailed. More long-term 
storage devices would, however, increase 
the costs of power generation. 

3) Zero carbon emissions with CSP and a 
small share of fluctuating renewables

If only half of the necessary electricity 
were generated by wind and photovolta-
ics, the picture becomes somewhat differ-
ent. In this case, the supply gap could be 

44 This refers to the discharging capacity (installed 
capacity of gas turbines) of hydrogen storage units. In 
this case, the charging capacity (electrolyser capacity) is 
about twice as high.

filled primarily with electricity from solar 
thermal plants (Concentrated Solar Pow-
er, or CSP) in the Mediterranean. Since 
solar thermal energy can be stored as 
heat, it is both calculable and flexible. In 
the case presented, the required installed 
capacity of solar thermal plants lies some-
where between 10 and 30 gigawatts.

Increasing proportions of wind and 
photovoltaics would induce a correspond-
ing reduction in the output of the solar 
thermal plants. This would, however, 
entail higher electricity generation costs 
because solar thermal plants can be oper-
ated more viably as base load plants than 
with low utilisation rates. 

Whether and to what extent an ex-
tensive importation of solar thermal pow-
er from abroad could actually be realised 
is, however, uncertain. A precondition is 
that the countries generating the power 
as well as the states affected by the tran-
sit create the political and legal conditions 
necessary for the safe transmission of 
electricity. It also remains to be clarified 
whether and how the transport can be 
cost-efficiently organised via the Euro-
pean transmission grid the EU is consid-
ering. The feasibility of this option thus 
largely depends on certain conditions, i.e. 
the public acceptance of grid expansion 

Solar thermal electricity (Concentrated Solar Power, CSP)

Solar thermal plants concentrate solar rays by means of lenses or mirrors to generate high 
temperature heat. This heat energy is then converted into electrical energy by the means of 
steam turbines. Thermal storage units upstream from the steam generation process allow for 
the decoupling of solar radiation and power generation. This is a significant advantage of CSP 
systems: They are able to provide flexibility and are therefore not counted among the fluctu-
ating renewable power producers.

Since only direct sunlight can be focused, an adequate generation site requires a high average 
of cloudless sunshine hours per annum. Therefore, this position paper assumes that such plants 
would have to be built in European and African countries on the Mediterranean. The power 
could be transferred to Germany through high-voltage direct current transmission grids. The 
costs of such additional grids have been considered in the electricity generation costs.
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and the development of a single European 
energy market or, indeed, the inclusion of 
the North African region into such a mar-
ket.

4) Zero carbon emissions without CSP 
and with a small proportion of fluctuating 
renewables

If wind and photovoltaics account for 
around 50 per cent of electricity gen-
eration and solar thermal energy is not 
available, the remainder can – as far as 
we know today – only be covered by elec-
tricity from geothermal energy. Since 
the latter is significantly more expensive 
than power from biogas and solar ther-
mal sources, this would increase electric-
ity generation costs by about 50 per cent 
compared to a system with CSP. Never-
theless, in this variant there would be no 
need to resort to the import of energy or 
energy sources.

5) A low level of residual emissions with less 
than 50 per cent of fluctuating renewables 

If we accept a low level of residual emissions 
from the power system – about four per cent 
compared to 1990 – and assume a share 
of fluctuating energies under 50 per cent, 
natural gas and geothermal power plants 
would have to make up the difference.45 This 
would lead to a considerable cost reduction, 
as the gas power plants would largely re-
place the comparatively expensive hydro-
gen storage systems. Power surpluses could 
then be used for power-to-X technologies 
and in other energy sectors (for instance, as 
raw material in the chemical industry).

Conclusion

With a low share of wind and photo-
voltaics, power generation costs largely 
depend on the options that remain for 

45 As in option 3, it is assumed that solar thermal energy is 
not available as a flexibility technology.

Figure 10: Costs of electricity generation with a (virtually) complete power supply from renewable energy sources 
with different shares of fluctuating renewables. The 100 per cent reference value was taken from the reference 
scenario with a carbon reduction of 90 per cent compared with 1990 levels.

a) An installed overcapacity of fluctuating renewables can significantly reduce the use of biomass at similar costs.
b) With about 90 per cent FRES, the comparatively cost-efficient bioenergy constitutes a sufficient complement. 
c) With low FRES-shares, the utilisation rates for CSP are higher, making it a cost-efficient supplement.
d) If FRE-shares are low and CSP is excluded, admitting low residual emissions (gas power plants) results in significant 

cost reductions.
e) If a complete decarbonisation is to be achieved with low FRES-shares and no CSP, the remaining power demand can 

only be covered by expensive geothermal power.
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The differences between decentralised and centralised power generation and 
flexibility technologies46

Decentralised technical solutions can be operated in small units. This includes all gas tur-
bine power plants (natural gas, biomethane or methane storage), engine power plants, 
fluctuating renewable energies, wood-fired power plants, geothermal power plants, bat-
tery storage and DSM technologies. As a rule, smaller units running on the same basic 
technology as the large, centralised systems, incur higher specific investment and mainte-
nance costs than the latter while being slightly less efficient. 

Centralised technical solutions are characterised by the fact that they can only be eco-
nomically operated in very large units (more than 100 megawatts output). Examples in-
clude steam power plants, combined-cycle plants as well as hydrogen, compressed air 
and pumped storage systems. Due to the necessity of transporting the electricity over 
very long distances, solar thermal plants are likewise classified as centralised technical 
solutions. 

power generation. If solar thermal ener-
gy is available or if a low level of residu-
al emissions, in other words natural gas 
power plants, are accepted, electricity 
generation becomes much more cost-ef-
fective than without these generation 
technologies. However, if the proportion 
of wind and photovoltaics surpasses 80 
per cent, the cost reductions achieved by 
resorting to solar thermal energy and nat-
ural gas are negligible (cf. figure 10). In 
terms of costs, a system with an installed 
overcapacity of fluctuating renewables 
more or less equals systems with wind 
and photovoltaic shares of 80 to 95 per 
cent. However, the use of biomass is sig-
nificantly lower in the case of an installed 
FRES overcapacity. Such a system could 
therefore present an interesting option 
should competing uses or environmental 
risks posed by the cultivation of energy 
crops reduce the availability of biomass 
for power generation. 46

46 There being, as yet, no clear definition of decentralised 
and centralised power plant units, the ad hoc working 
group has agreed on the definition provided in this paper.

4.3 The impact of centralised vs. 
decentralised electricity gener-
ation on the power system

For a long time, the power system was 
characterised by centralised generation 
structures: Having been generated in 
large power plants, the electricity was 
transported to the consumer passing by 
the different grid levels (transmission and 
distribution grids). With the progressive 
integration of renewables, this system is 
changing: Increasing numbers of small 
units (for instance wind and photovoltaic 
systems) are feeding power into the dis-
tribution grids. The power flow thus now 
runs in both directions. The existing local-
ly distributed generation units can, in the 
future, be complemented by centralised 
power plants, or else by further decentral-
ised technical solutions. What the effects 
of one or the other would be with a view to 
the power system in 2050 is an important 
question.

Survey results show that small, locally dis-
tributed plants meet with more public ap-
proval than large, centralised plants.47 At 

47 Ohlhorst 2009; Wüste 2012.
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photovoltaics, power can be generated at 
comparatively low costs in large-scale sys-
tems such as CCGT plants. Alternatively, 
electricity from lignite power plants can 
be transported to consumers in southern 
Germany – provided this does not clash 
with the emissions reduction targets for 
2050.

On the whole, those system variants 
containing extensive grid expansion and 
mainly centralised technical solutions are 
the most cost-effective. This is true even 
after factoring in the costs of the required 
grid expansion. In order to estimate the 
financial expenditure of grid expansion, 
we can resort to the sums indicated in 
the German Grid Development Plan48. In 
the most optimistic scenario with regard 
to the progress of RE development, the 
costs are estimated to be around five eu-
ros per megawatt hour. This is equivalent 
to approximately six to eight per cent of 
the electricity generation costs and shows 
the expansion of the grids to be a compar-
atively cost-effective measure. 

2) Exclusive use of decentralised technical 
solutions and low level of transmission grid 
expansion

This option takes two important fac-
tors into account: firstly, the preference 
among the population for a decentralised 
energy supply based on small, locally dis-
tributed generation units in combination 
with a low level of transmission grid ex-
pansion; secondly, the economic uncer-
tainty of centralised generation units with 
long depreciation periods. Consequently, 
transmission grids are not extended over 
long distances, and only decentralised 
technical solutions are being considered. 
The model illustrates this by splitting 
up Germany’s power supply system into 
three regions (south, northeast and north-
west). Hence, wind power from the north 
can no longer be transported to southern 
Germany.

48 NEP 2014.

the same time, there is often vehement lo-
cal resistance to grid expansion schemes. 
The decision to capitalise on a more cen-
tralised or, indeed, a decentralised sys-
tem of power generation is therefore of 
high public relevance. Also, investors are 
increasingly wary of constructing central 
power plant units, as profitability must 
be guaranteed for several decades before 
entering into the planning stage. The refi-
nancing risk is high, not only due to rapid 
technological developments, but also in 
view of basic energy policy conditions that 
are not readily predictable over such long 
periods. As a result, the number of large, 
central power plants currently in planning 
is negligible.

To illustrate the differences be-
tween centralised and decentralised pow-
er generation, we will now discuss two 
scenarios pushing the main features of 
the two variants to the extreme: the use 
of centralised technical solutions with an 
extensive expansion of the transmission 
grid on the one hand, and a system fo-
cusing on small, locally distributed gen-
eration units in combination with a very 
low level of transmission grid expansion 
on the other.

1) Centralised technical solutions and exten-
sive transmission grid expansion

When centralised technical solutions are 
used, it is assumed that the transporta-
tion of electricity in the transmission grid 
is not restricted by limited grid capacity 
(“ideal transmission grid structure”). The 
inherent assumption is that public resist-
ance to the expansion or indeed the plan-
ning and construction of large-scale ener-
gy systems can be overcome. A significant 
development of the transmission grid, 
for instance, enables the transportation 
of large quantities of offshore wind pow-
er to urban areas with high load rates in 
southern and western Germany. Fluctuat-
ing generation and consumption can thus 
be balanced over long distances. With 
a rather small percentage of wind and 
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Figure 11 shows that the lower the 
share of wind and photovoltaics is in the 
power supply, the higher the additional 
costs of decentralised systems. In scenar-
ios with low fluctuating renewables, the 
gap would, as described above, mainly be 
filled by resorting to centralised genera-
tion units. There are currently no econom-
ical decentralised alternatives. Hence, 
when the share of wind and photovoltaics 
is low, decentralised systems can only be 
established at high additional costs. 

Conclusion

All in all, systems with an extensive ex-
pansion of the transmission grids and 
those resorting to both decentralised and 
centralised technical solutions are more 
cost-efficient than completely decentral-
ised systems. A high degree of decentral-
isation should definitely be combined 
with a significant expansion of wind and 
photovoltaics all over Germany, particu-
larly in urban settings with high load 

rates. If the expenditures of expanding 
the transmission grid are taken into ac-
count, the power generation costs of the 
two variants differ by about ten per cent. 
Hence, an implementation would require 
a comprehensive prior assessment of the 
cost differences and their subsequent dis-
cussion, not omitting the aspect of public 
acceptance. 

4.4 What role can storage devices 
play in the future?

Storage systems are technologies that 
take in power and release it again at a lat-
er time. Thus, surplus power from wind 
and photovoltaics can, for instance, be 
shifted to times of higher power demand 
or less fluctuating feed-in. There are nu-
merous storage technologies (e.g. bat-
teries, pumped storage systems, hydro-
gen storage systems), all of which have 
specific advantages in different fields of 
application. The main distinguishing 
feature is the length of the period during 

Figure 11: Additional costs of a decentralised power system with a low level of grid expansion for different rates of 
wind and photovoltaics, excluding grid costs. The additional costs are referenced against those of the respective rate 
of wind and photovoltaics combined with centralised technical solutions and an extensive expansion of the transmis-
sion grid. If the cost differences ensuing from the different degrees of grid expansion are considered, the additional 
costs of the decentralised systems decrease by six to eight per cent.
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that no storage devices are used: The de-
mand-side management potential consid-
ered in the present study largely consists 
of electricity storage devices in vehicles, 
stationary plants for a semi-autonomous 
self-supply, as well as of thermal storage 
units in heating and hot water systems in 
households and industry.

Exploiting this DSM potential is a 
comparatively cost-efficient way to meet 
the demand for short-term storage. How-
ever, it is easily conceivable that for dif-
ferent reasons, such as owing to a lack 
of public acceptance or for the want of 
technical and legal solutions to integrate 
many small power generation units into 
the electricity market, this might not be 
possible. In that case, the more expensive 
alternatives mentioned above would have 
to make up the difference. 

With regard to the incremental 
transformation of the power supply sys-
tem until 2050, it must, however, be not-
ed that in the short term, the full DSM 
potential will not be available. It will take 
some time for the number of electric ve-
hicles and storage devices in households 
to reach the level assumed to estimate 
DSM’s potential. In the meantime, ad-
ditional battery storage systems can 
certainly play an important role when it 
comes to limiting the expansion of the 
distribution grids. They can also mitigate 
the fluctuations the grid is subjected to 
using the feed-in from wind and photo-
voltaics. By enabling a rapid increase or 
reduction in the output, they can further 
add flexibility to older conventional pow-
er plants. In addition, battery storage 
devices can provide grid services, such 
as primary control reserves or reactive 
power, thus contributing to secure grid 
operation. In other words, due to their 
modular, decentralised structure and 
their relatively limited durability ranging 
between 10 and 20 years, battery systems 
are excellently suited as bridging tech-
nologies. 

which energy can be stored or released. 
For instance, technologies with high ef-
ficiency rates and relatively high storage 
costs, like e.g. batteries, can store energy 
for several hours (short-term storage). 
Technologies with a low efficiency lev-
el and low capacity-related investment 
costs, such as hydrogen storage systems, 
can store energy for several weeks (long-
term storage).

Demand-side management (DSM) 
has a similar function in the power system 
as short-term storage: By increasing or 
decreasing the power demand at certain 
times by switching electrical devices on 
or off, consumption and generation can 
be balanced. Flexibly schedulable power 
consuming appliances are then mainly 
used in periods with a high supply of wind 
and photovoltaic power. In the present 
calculations it is assumed that in 2050, 
photovoltaic systems and electric vehi-
cles will provide a large number of bat-
tery storage devices. The capacity of DSM 
in charging and discharging processes is 
estimated at 65 gigawatts. To this we can 
add the potential in the industrial sector, 
which amounts to three gigawatts accord-
ing to conservative estimates. Clearly, the 
bulk of the DSM potential in our study is 
provided by electric and thermal storage 
systems in households.

1) Demand-Side Management for short-
term storage 

In 2050, short-term storage devices may 
have an installed capacity of up to nearly 
ten gigawatts or 25 gigawatt hours of in-
stalled storage capacity, respectively. They 
would serve to mitigate high load peaks 
and to optimise the operation of conven-
tional power plants. If storage devices are 
used in electric vehicles and photovoltaic 
systems, and further demand-side man-
agement measures are applied in vari-
ous other sectors, there is no necessity 
to install separate battery, pumped or 
compressed air storage systems for these 
purposes. That does not, however, mean 
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Assuming more ambitious climate 
goals (90 per cent carbon reduction com-
pared with 1990), the use of long-term 
storage systems depends on the share 
of fluctuating renewables and the avail-
ability of other low-carbon power sourc-
es. With the biomass potential and the 
number of natural gas power plants we 
assumed, a low proportion of wind and 
photovoltaics entails a limited use of 
long-term storage systems, as surpluses 
occur comparatively rarely. The ensuing 
low utilisation rate would make long-
term storage units relatively expensive. 
With higher proportions of wind and 
photovoltaics, long-term storage systems 
achieve a higher utilisation rate, making 
them more cost-effective than a system 
based on flexible generation and the cur-
tailment of excess generation.

In the scenario of a full coverage 
of power demand from renewable ener-
gy sources, however, long-term storage 
plays a significant role in all cases, with 
installed discharging capacities of up to 
50 gigawatts. Since in a completely de-
carbonised system there are no cost-effi-
cient flexible power generation technolo-
gies available and the biomass potential 

2) Bridging dark and windless periods with 
long-term storage 

In order to securely meet the power de-
mand, systems must be ready to meet de-
mand in dark and windless periods. This 
criterion can be fulfilled either with flexi-
ble generation units (for example, biogas- 
or natural gas-fuelled power plants) or 
by long-term storage systems. Long-term 
storage devices are charged over a longer 
period of time, mainly with surplus elec-
tricity from fluctuating generation, which is 
converted into hydrogen or methane. The 
gas is stored in underground caverns or in 
the gas grid and at a later time reconvert-
ed into electricity in a gas power plant. The 
number of long-term storage units required 
depends, inter alia, on how ambitious the 
climate protection goals are and how large 
the share of fluctuating renewable energies 
is in the power generation system. 

With less ambitious climate pro-
tection goals (80 per cent carbon reduc-
tion compared with 1990), the number 
of long-term storage units is limited (cf. 
figure 12). In such cases, curtailing renew-
ables and resorting to flexible generation 
is often more cost-efficient than the use of 
long-term storage systems. 

Demand-side management (DSM)

Demand-side management refers to the targeted and controlled shifting of the power demand 
of electrical consumers. By partly shifting power consumption to a later time, DSM can con-
tribute to making the power system more flexible, particularly if higher proportions of fluc-
tuating generation from renewable energy sources must be dealt with. Even today, industrial 
consumers – in particular large and energy-intensive companies – strive to adapt their energy 
consumption to current electricity prices. Their aim is to operate their own machines and tech-
nical systems flexibly enough to avoid energy-intensive processes at expensive peak load times.

In 2050, households with photovoltaic battery systems, electric vehicles and electric heating, 
and hot water systems combined with thermal storage units could well accommodate par-
ticularly large DSM potential. Introducing the necessary control technology will constitute one 
of the challenges involved� Another will be to get consumers to surrender part of their sov-
ereignty over the control mechanisms by agreeing to have their devices “remote-controlled” 
from the outside�
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Figure 12: Correlation of long-term storage use with the proportion of fluctuating renewables and carbon reduction

is insufficient to meet the remaining de-
mand, the storage of wind and photovol-
taic power is the only alternative. With 
lower FRES shares, only a large-scale use 
of long-term storage devices can ensure 
a completely carbon-free system. In this 
case, long-term storage systems account 
for up to 20 per cent of the overall costs 
of electricity generation. 

To summarise, we can state that 
the installed capacity of long-term stor-
age systems strongly depends on the 
ability to use flexible generation. If the 
use of natural gas is limited by import 
restrictions or carbon reduction targets, 
or if the potential for bioenergy is con-
fined, the importance of long-term stor-
age increases. Whether natural gas, bio-
gas or hydrogen is used – the electricity 
necessary to bridge dark and windless 
periods is invariably generated in gas 
power plants. The number of gas power 
plants required therefore varies very lit-
tle across all scenarios.

We also see that the more decen-
tralised the energy supply system is organ-
ised and the smaller the areas are in which 

output and demand must be balanced, the 
more storage units are required. This is 
one reason why the costs increase with 
the level of fragmentation of the power 
supply system. Nevertheless, there is a 
certain probability that the power system 
will evolve toward more and more decen-
tralised structures. This is partly owing to 
the fact that public acceptance of such sys-
tems is high, and partly because many cit-
izens are willing to invest private capital 
in such systems – something they would 
scarcely consider doing in the case of cen-
tral power plants or large transmission 
grids. 

4.5 How can power surpluses be 
used?

How surplus energy from fluctuating re-
newables should be dealt with is a widely 
discussed question. First, the short- and 
long-term storage units are charged from 
the negative residual loads – provided 
this is the most cost-efficient power sup-
ply option under the respective frame-
work conditions. Under what conditions 
which storage system is favoured was 
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described in chapter 4.4. The remaining 
negative residual load can be freely used 
for all other applications or else be cut 
down.

For some years now, the focus 
of the debate has increasingly revolved 
around power-to-gas processes. The anal-
yses that served as the basis for the pres-
ent position paper provide clues as to the 
amounts of electricity potentially avail-
able for such usage. This is discussed in 
the following section “power-to-gas” (re-
garding the use of gas outside the power 
sector). Power-to-heat and the possibility 
of curtailing excess power generation are 
likewise being considered.

1) Power-to-Heat
For a long time to come, the use of hy-
brid combustion units in classical heating 
systems with natural gas or oil will be the 
most efficient way to generate heat from 
fluctuating renewables. In such a sce-
nario, the combustion unit in a domes-

tic heating system, for instance, could be 
complemented by an immersion heater in 
the hot water tank – at a very low invest-
ment cost. In the event of a power surplus, 
the immersion heater is activated, saving 
natural gas according to the amount of 
heat generated. Thus, the system retains 
large amounts of natural gas at a low in-
vestment cost and with very high efficien-
cies.

For the model calculations, a con-
servative ten gigawatts of power-to-heat 
potential was estimated. This potential 
is largely realised in most scenarios, in-
dicating the high economic viability and 
the wide scope of possible applications of 
this technology. The high heating loads 
in winter times were, however, only tak-
en into account to a small extent.49 The 
industrial sector could likewise accom-

49 Among others, Heilek 2015 and Fh-ISE-2013 have 
examined a comprehensive coupling of the power and 
heat sectors based on a significantly higher and more 
detailed power-to-heat potential. 

Power storage systems

Power storage systems convert power into another form of energy and release it again as 
electricity at a later time. The storage can be effected by converting power to kinetic ener-
gy (for instance, through flywheels), potential energy (e.g. pumped storage power plants), 
high-temperature heat or chemical energy (for example batteries and power-to-gas).

Short-term storage systems (storage time up to several hours) are highly efficient, meaning 
that only very little power is lost during storage. Their long life cycle allows for a high number 
of charging and discharging processes. Short-term storage devices include flywheels, coils, 
condensers and batteries of all kinds.

The full potential of long-term storage systems (storage time from one to several weeks) is 
usually only used once or twice a year. Consequently, low investment costs are necessary to 
ensure profitability. As long-term storage devices are rarely used, efficiency is of secondary 
importance. The present state of technical developments allows for only two variants: very 
large water or gas storage systems. As Germany has no potential for water storage units, we 
would have to resort to e.g. water storage systems in Scandinavia. The storage of gas (e.g. 
hydrogen generated by means of electrolysis), on the other hand, should be unproblematic. 
Germany has sufficient capacity, mainly in leached salt domes, which could be further ex-
panded�
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modate further significant potential, par-
ticularly in the high-temperature range. 
These applications were not considered 
in the present study, as we currently 
have neither conversion technologies nor 
valid estimates of the potential of electric 
high-temperature heat generation at our 
disposal. Research and development in 
this field could contribute to unlocking 
further potential.

2) Power-to-Gas
No electricity surpluses were used for 
power-to-gas (production of synthetic 
natural gas) in any of the variants of the 
power system that were calculated. The 
investment costs for power-to-gas plants 
are so high that the costs of gas produc-
tion invariably exceed the total market 
value of the gas. The reason is that many 
types of plants only become profitable 
starting at 3,000 to 4,000 full load hours 
per year. However, 4,000 hours of load 
from surplus electricity from wind and 
photovoltaics cannot be achieved under 
a total FRES share of 90 per cent (cf. fig-
ure 13). As these surpluses are also used 
to charge storage units and to run power-
to-heat plants, the surpluses available for 
power-to-gas plants are even lower.

The fewer the full load hours, the 
higher the depreciation on the plant in-
vestment per unit of gas produced. By low-
ering the investment costs and increasing 
efficiencies, this depreciation could be re-
duced. More full-load hours can only be 
achieved with additional electricity from 
regulatable power plants, or by building 
further wind and photovoltaic plants the 
power system does not, in fact, need. In 
both cases, the investment and / or fuel 
costs, including the expenses for emissions 
certificates, must be fully factored into the 
overall costs of the power-to-gas plants. 

Due to the lower investment costs 
and higher potential revenues, plants lim-
ited to the production of hydrogen as a 
raw material for the chemical industry or 
other uses (for example in the transport 
sector) can be operated economically, 
even with comparatively low load factors. 
Consequently, profitable uses are possi-
ble even with lower FRES shares. A more 
exact quantification will require more 
detailed analyses of future hydrogen de-
mand, of the necessary infrastructure or 
else the possibilities of feeding hydrogen 
into the gas grid, as well as an evaluation 
as to the scope of revenues to be achieved. 

Figure 13: Ratio of annual hours with surpluses from the wind and photovoltaic shares
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system variants considered, between zero 
and ten per cent of the wind and photovol-
taic power output would be curtailed. 

4.6 Effects of mitigated dependence 
on energy import sources on 
the power system

In most cases, natural gas power plants 
provide the bulk of the flexibility, being 
both comparatively cost-efficient and the 
low-carbon alternative to coal and lignite 
power plants. The amount of natural gas 
the reference scenario (based on the feder-
al government’s target scenario) assumes 
for the use in electricity generation is 155 
terawatt hours (thermal), which exceeds 
the current value by about 15 per cent.50 
In power systems featuring high pow-
er demand and only a low proportion of 
wind and photovoltaics, natural gas con-
sumption is approximately twice as high 
as today. The corresponding installed 
capacities of the flexibility technologies 
and their energy outputs are illustrated in 
figure 14 and figure 15 for cases with and 
without energy imports, respectively. 

Greater dependence on imports 
due to higher natural gas consumption 
involves risks regarding supply security 
in the power sector. However, most sce-

50 AGEB 2014, average 2011 to 2013.

At this point it is important to emphasize 
that this analysis primarily relates to the 
electricity sector, only marginally touch-
ing upon the development prospects in 
the heating and transport sector. Howev-
er, assuming that the entire power supply 
will eventually have to be decarbonised, we 
will probably, in the medium to long term, 
be facing a very considerable demand for 
synthetic gases or fuels produced from 
renewable electricity. In this case, power-
to-gas and power-to-fuel plants (produc-
tion of liquid fuels by means of electricity) 
would necessarily be required – at least if 
the bulk of the production is realised in 
Germany. Power-to-X technologies would 
then be less intended to use virtually free 
surplus power, but rather power that has 
to be provided by additional investments. 
Accordingly, the interdependencies be-
tween the electricity, heat and transport 
sectors should be considered more closely 
in the long-term strategy for restructuring 
the energy supply. Finally, this also im-
plies considerable research requirements.

3) Curtailment
If surpluses from fluctuating renewables 
cannot be economically used, power output 
from photovoltaic and wind power plants 
would be curtailed. The analyses show this 
to be an economical alternative to long-term 
storage systems – particularly in combina-
tion with less ambitious climate protection 
targets (cf. section 4.4). Across the range of 

Power-to-Gas

With the power-to-gas technology, water is split into hydrogen and oxygen by means of electroly-
sis. The hydrogen can then be further transformed into methane. The model calculations invaria-
bly assume this methanation to have taken place. The gas produced can be used more or less like 
natural gas. It can, for instance, be transported through pipelines. At a later point in time, the gas 
can either be converted into electricity in gas power plants or fuel cells, or be used directly as fuel, 
or as an intermediate product in the chemical industry or in other sectors (e.g. transportation). 
If the hydrogen is processed into methane, the existing infrastructure for natural gas (pipelines, 
power plants) can be used. If the methanation step is skipped and pure hydrogen is produced, 
some new infrastructure elements would have to be constructed for storage and distribution.
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Figure 14: Influence of energy imports (particularly natural gas) on the installed capacity of flexibility technologies 
with different wind and photovoltaics shares and carbon reduction targets. Different levels of power demand in the 
different scenarios account for differences in the sum of the installed capacity.

Figure 15: Influence of energy imports (particularly natural gas) on the energy provided or taken in by flexibility 
technologies with different wind and photovoltaic shares and carbon reduction targets
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Carbon Capture and Storage (CCS)

As a by-product of processes in industrial plants, particularly in coal- and gas-fired power 
plants, carbon dioxide (CO2) is usually released into the atmosphere as exhaust gas. With the 
carbon-capture-and-storage method, the CO2 is first captured from the exhaust gas, then liq-
uefied or bound in solids and finally stored, for example, in deep layers of sediment.

Building up the required infrastructure in the power plants as well as for the transportation 
and storage of the carbon is expensive. Consequently, CCS is only worth the investment if the 
technology is planned and applied for several decades. For these economic reasons, the tech-
nology does not qualify as an intermediate solution for a period of only ten to twenty years. 
Although a complete sequestration of carbon is theoretically possible with some CCS process-
es, the CCS-concepts discussed in the literature usually accept residual emissions (“slip”) of 
about ten per cent for economic reasons. Therefore, even a power plant using CCS technology 
will not be completely carbon free�

An analysis of the public acceptance of CCS carried out as part of the project has revealed a 
very low level of acceptance indeed. Consequently, very substantial efforts and a compre-
hensive public debate would be necessary to have at least a chance of winning over public 
opinion for the implementation of CCS.

narios assume a significant drop in the 
demand for natural gas, especially in the 
heating sector.51 Hence, the total German 
demand for natural gas would not neces-
sarily exceed its present level.

The following chapter is dedicated 
to options that reduce or even completely 
avoid the importation of energy sources 
(natural gas, bituminous coal, electricity 
from CSP) for the power sector.

1) High levels of fluctuating renewable energy 
With high wind and photovoltaic shares, 
relatively little energy is necessary to han-
dle the positive residual load. Accordingly, 
the dependence on other energy sources is 
rather low. In scenario S4 with 95 per cent 
FRES – cf. figure 15 – for instance, only 50 
terawatt hours (thermal) of natural gas are 
required. This is roughly one third of the 
amount currently used for electricity gen-
eration. Total independence from natural 
gas imports could be achieved by increas-

51 BMWi 2014-1.

ing the use of biogas. A complete with-
drawal from all importing activities would 
require an increase by approximately 70 
per cent compared to the current level. 
Whether this is possible and, indeed, use-
ful, can only be assessed in a national bi-
omass strategy that takes the competition 
for biomass uses into account. In theory, 
a system with an installed overcapacity of 
renewables could even work without any 
additional power generation at all, provid-
ed the excess power generation suffices to 
compensate for the losses that inevitably 
occur in the storage units.

2) Increased use of long-term storage devices
As shown in chapter 5.4, the use of long-
term storage devices undoubtedly plays a 
major role in scenarios with high propor-
tions of wind and photovoltaics. Surpluses 
can be more efficiently exploited, reducing 
the need for additional generation from 
natural gas or biomass. This, in turn, mit-
igates dependence on imports as well as 
possible negative environmental impacts 
of bioenergy use.
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However, even with lower FRES 
shares, long-term storage capacities can 
be increased in order to reduce import de-
pendencies. Should we meet our full pow-
er demand from domestic energy sources 
– which would basically limit the range of 
complementary options to biomass, lig-
nite or geothermal energy – the storage of 
surplus electricity from fluctuating renew-
ables would, for lack of cheaper alterna-
tives, be profitable even on a larger scale.

3) Use of lignite
As an alternative to natural gas, we could 
resort to lignite – within the delimitations 
set by the emissions reduction targets. 
This is particularly interesting in the case 
of lower proportions of wind and photo-
voltaics. To compensate for the high car-
bon emissions that lignite combustion 
involves, an increase in biomass-based 
electricity generation and installed long-
term storage capacities would be required 
(cf. S6 without imports and S3 without 
imports in figure 14 and figure 15). This 
implies additional costs of about ten per 
cent compared to the use of natural gas.

By adding the option of lignite 
combustion with CCS, we can reduce the 
amount of biomass and of long-term stor-
age capacity. While the installed capacity 

of the bio-energy power plants remains 
more or less the same, biogas is only used 
to cover load peaks. This reduces annual 
biogas consumption by about 80 per cent 
(S3 without imports and with CCS in fig-
ure 15). This system variant still resorts 
to lignite-fired plants without CCS, but 
to a smaller extent. Electricity generation 
costs drop by around ten per cent com-
pared to the system variant prohibiting 
lignite CCS. However, as CCS currently 
meets with very little acceptance in the 
German public, its political implementa-
tion appears extremely doubtful for the 
foreseeable future.

4) Use of geothermal energy
In a scenario with lower FRES shares, lig-
nite combustion could also be replaced by 
geothermal energy. However, significant 
research and development efforts will be 
necessary to realise the cost-cutting po-
tential of geothermal energy generation. 
In other words: In order to make geother-
mal power generation an economically 
viable alternative, the costs would have 
to be reduced by a staggering 75 per cent 
compared to today’s level. An extensive 
use of geothermal energy would then in-
deed enable a carbon-free power supply 
not dependent on imports – even with 
lower wind and photovoltaic shares.

Geothermal power generation

Geothermal power generation uses steam turbines to convert heat from deeper strata of the 
earth into electricity. Currently, Germany has only a very modest installed geothermal capac-
ity, its large-scale use still being in the research stage. Since the potential of easily exploitable 
geothermal resources for power generation is rather small in Germany, so-called enhanced 
geothermal systems (EGS) must be used. The geothermal potential in Germany would suffice 
for the generation of about 260 terawatt hours of electrical energy per annum over a period 
of 500 years. The procedure for EGS is as follows: High-pressure water is injected into deep, 
hot layers of rock, creating cracks and fractures. With a temperature between 100 and 200 °C, 
these deep rock strata serve as heat recuperators, heating up the injected water as it flows 
through the cracks. This process is also known as Hot-Dry-Rock-technology� Compared to oth-
er geothermal systems that require specific geological conditions and are therefore tied to 
specific locations, EGS plants can be built almost anywhere.
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5 Conclusion

This position paper presents different 
ways how a reliable power supply can be 
ensured in a future world featuring grow-
ing shares of fluctuating feed-ins from 
renewable energy sources. These observa-
tions are built upon analyses of the power 
system in 2050, which, in turn, are based 
on current energy scenarios and consider 
various flexibility options in different con-
stellations, depending on the political and 
social setting.

Considering the national poten-
tial for power generation from renewable 
sources, the future power supply system 
will clearly be dominated by the fluctu-
ating sources wind and photovoltaics. In 
addition, so-called flexibility technolo-
gies must ensure that power output and 
demand are balanced at all times. It is 
assumed that in 2050, predictable and 
flexible power generation units (natural 
gas- and coal-fired power plants, bio-
mass power plants and solar thermal or 
geothermal power plants) and storage 
systems could be technically available, 
as well as methods to shift or altogether 
switch off loads (demand-side manage-
ment). This could be complemented by 
technologies converting excess power into 
heat (power-to-heat) or chemically stored 
energy (e.g. power-to-gas/fuel). The key 
to a sustainable power supply system is 
clearly a cost-efficient technology portfo-
lio consisting of fluctuating producers and 
flexibility technologies. There are, just as 
clearly, several different ways to obtain 
such a system. 

The main conclusions of this posi-
tion paper are as follows:

• In all of the energy scenarios, wind 
and photovoltaics will play a cru-
cial role for the power supply in 2050. 
Amongst the renewable energy technol-
ogies, onshore wind and photovoltaics 
tie for the lowest generation costs. At 
the same time, it is their fluctuating 
feed-in that determines the flexibility 
requirements in the future power sys-
tem. Consequently, the proportion of 
these technologies bears significant-
ly upon the structure of the flexibility 
portfolio.

• Assuming that the price of emission 
allowances in 2050 will significantly 
surpass its current level, as the federal 
government’s energy reference scenario 
suggests52, a power generation sys-
tem boasting a high percentage 
of wind and photovoltaics will, as a 
rule, come cheaper than a system dom-
inated by fossil fuel power plants. 

• Simple as well as combined-cycle 
gas turbine power plants will play 
a crucial role in the 2050 power system. 
Depending on the political and social 
framework conditions, they are operat-
ed with natural gas, biogas or – as part 
of gas storage systems – with hydrogen 
or methane. Under the assumption that 
carbon prices will reach a sufficient 
level to ensure that climate protection 
goals are met, the construction of new 
gas power plants can even now be de-
clared a “no-regret-measure” – provid-
ed they are engineered for variable gas 
firing. Even though their full load rates 

52 BMWi 2014-1.
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many, particularly in areas with high 
load rates. Whether the power system 
should indeed be organised at the local, 
decentralised level or whether a pre-
dominantly centralised supply struc-
ture is preferable should be determined 
on the basis of a comprehensive assess-
ment of the cost differences. It also 
largely depends on the level of public 
acceptance for the different variants.

• The most cost-efficient means of meet-
ing short-term energy storage de-
mand are demand-side management 
measures. In 2050, the bulk of the 
potential will be provided by thermal 
storage units and battery storage in 
electric vehicles and photovoltaic sys-
tems in households. DSM will likewise 
play an important role for industrial 
purposes. 

• Longer periods with little wind and so-
lar radiation can be bridged either with 
long-term energy storage devices 
or with flexible producers. The more 
flexible the available options and the 
lower the climate protection require-
ments are, the less long-term energy 
storage systems are used. They do, 
however, play a major role should the 
import of natural gas be restricted or 
the usable potential of bioenergy be 
lower than expected. If carbon emis-
sions in the power sector are not re-
duced by more than 80 per cent com-
pared to 1990, the role of long-term 
storage systems will be negligible. 

• An extensive use of wind and photovol-
taics, long-term storage systems, lig-
nite or geothermal energy can mitigate 
the dependence on energy imports. 
With a high percentage of FRES, power 
surpluses are used for long-term stor-
age by means of hydrogen production 
or methanation. As a consequence, the 
demand for power from natural gas 
and biogas is reduced.

• With strict climate protection targets, 
the use of lignite in combination with 
the CCS technology is a further op-
tion. It only makes sense, however, if 

will be very low and subject to strong 
weather-induced annual fluctuations, 
such plants will nevertheless constitute 
the backbone of a secure and reliable 
power supply. The market design will 
have to make sure that sufficient capac-
ities are built and operated.

• It is possible to fully cover the power 
supply from renewable energy sources. 
The fluctuating renewables will then 
have to be supplemented by flexibil-
ity technologies such as storage sys-
tems, demand-side management and 
dispatchable energy technologies like 
biogas plants or solar thermal power 
plants with integrated heat storage. In 
the case of comparatively low percent-
ages of fluctuating renewables, supply 
security could be cost-efficiently pro-
vided for by importing electricity from 
solar thermal plants in the Mediterra-
nean via trans-European power grids. 
The ensuing implementation risks 
must, however, be considered. With a 
FRES proportion of over 90 per cent, 
relatively cheap bioenergy is a suffi-
cient supplement. This would imply 
doubling the current amount of biogas. 
Whether biomass should be used to 
that extent for the power sector would 
have to be determined on the basis of 
a national biomass strategy and taking 
the regional and global consequences 
into account. The use of biomass could 
be reduced by resorting to an even 
higher share of wind and photovoltaics 
in combination with long-term stor-
age units. The resulting cost increase 
would be minor. 

• Large-scale power plant technologies 
for centralised generation require a 
powerful transmission grid. The same 
applies to renewable energy sources 
which are highly concentrated in one 
region (e.g. wind in northern Germany, 
imported electricity from renewables). 
For economic reasons, a high degree 
of decentralization should be com-
bined with a significant expansion of 
wind and photovoltaics all over Ger-



46 Conclusion

the percentage of wind and photovol-
taics is relatively low: Power plants 
with the technological equipment for 
CCS are expensive and require a high 
utilisation rate to operate profitably. 
Moreover, this presupposes public ac-
ceptance of both the implementation 
of CCS and the continuation of surface 
lignite mining. At the moment, this is 
not the case, or is at least doubtful. 

• Geothermal power generation, 
on the other hand, is an alternative 
only if a massive cost reduction can 
be achieved. However, its profitability 
would be significantly higher were it 
used for heat supply. Consequently, we 
face a clear usage competition, which 
might limit the availability of geother-
mal energy for the power sector. 

• Power-to-heat and more flexible 
CHP plants (cogeneration) are high-
ly cost-effective flexibility options. The 
coupling of the power system with 
the heat market is therefore of great 
importance and must be particularly 
considered in the design of an optimal 
energy system. 

• For all technologies considered, re-
search, development and the expan-
sion of the installed capacity is crucial 
in order to realise further cost-cut-
ting potential. In addition to tech-
nological evolutions, for instance by 
increasing efficiency and reducing 
material usage, the integration of such 
technologies into the energy system is 
also of major importance.

The calculations and analyses this position 
paper is based on indicate that there are a 
number of system configurations that fea-
ture a relatively similar level of electricity 
generation costs. These different possibil-
ities reduce the risk of misallocations of 
technologies and also show that political 
decision-makers and the public can in-
deed choose from among a rather broad 
range of options. Apart from the expan-
sion of wind and photovoltaic units and 
the provision of large numbers of gas tur-

bines and combined-cycle power plants, 
there is virtually no technology that could 
not be replaced by other options.

Further flexibility potential that, 
for methodological reasons was not con-
sidered in this study (with the exception 
of the direct import of renewable energy), 
can be realised by a strong European grid 
expansion. The focus of this analysis was 
the modelling of a high number of poten-
tial variants of the power supply system. 
This required an algorithm simple enough 
for the calculations to be performed with-
in a short time and could not include mod-
elling the coupling of the German power 
system with other countries.

So far only a few attempts have 
been made to examine the impact of the 
European energy network on the flex-
ibility requirements; further specifica-
tions are, however, necessary. Within the 
framework of the methodology used for 
this study, an assessment of the poten-
tial for the import and export of electric-
ity would require detailed analyses of the 
possible developments in the energy sys-
tem of each neighbouring country until 
2050. Depending on the expansion level 
of renewables in neighbouring European 
countries, they may be able to provide 
flexibility for Germany, thereby reducing 
our need for storage systems. This would 
require a corresponding expansion of the 
grid exchange capacity, as well as a gener-
al willingness to rely on a foreign country 
to procure a service necessary for a secure 
power supply.

The integration of the heat sector 
involves the clarification of various issues 
with regard to the development of heat 
demand and its temporal characteristics. 
While doubtlessly presenting an easy and 
inexpensive option for taking in power 
surpluses, the heat sector cannot make 
a significant contribution to coping with 
dark and windless periods – at least with 
ambitious climate protection goals.
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Including these further options sig-
nificantly broadens the range of system 
variants to be examined. The question of 
how a Europe-wide grid expansion and 
the coupling of the electricity and heat 
sectors (and, in the long term, with the 
production of fuels and raw materials for 
the industry) would affect the demand we 
have examined for the different flexibili-
ty technologies, is an interesting starting 
point for further research. 

Whatever options we might have, 
implementing a low carbon power supply 
will not happen by itself. Market rules and 
regulations favouring a comprehensive 
systemic transformation toward the se-
lected target system are required to pave 
the way. A further key challenge will be 
to design an economically efficient devel-
opment path from today until 2050, fac-
toring in the insecurities inherent in such 
long periods of time.
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Glossary

fuels, however – natural gas, methane, biogas, 
hydrogen – are considerably more expensive 
than various types of coal. Hence, GT and CCGT 
power plants are used wherever full load peri-
ods are infrequent, or when the use of coal-fired 
plants is partly or totally impossible for reasons 
of emissions reduction. Experts estimate that in 
2050, GT and CCGT power plants can reach effi-
ciency rates of 45 and 60 per cent, respectively. 
The higher efficiency in CCGT plants results from 
a combination of gas and steam turbines, which, 
however, also entails higher investments. Ac-
cordingly, GT power plants are used when very 
low full load rates are expected, whereas CCGT 
plants cover in case of a higher number of full 
load hours�

Geothermal power generation
Geothermal power generation uses steam tur-
bines to convert heat from deeper strata of the 
earth into electricity� 

Short-term storage systems
Short-term storage systems (storage time up 
to several hours) are highly efficient, meaning 
that only very little power is lost during storage. 
Their long life cycle allows for a high number of 
charging and discharging processes� Short-term 
storage devices include flywheels, coils, con-
densers and batteries of all kinds.

Long-term storage systems
The full potential of long-term storage systems 
(storage time from one to several weeks) is usu-
ally only used once or twice a year. Consequent-
ly, low investment costs are necessary to ensure 
profitability. As long-term storage devices are but 
rarely used, efficiency is of secondary importance. 
The present state of technical developments al-
lows for only two variants: very large water or gas 
storage systems. There is no potential for corre-
sponding water storage units in Germany�

Carbon Capture and Storage (CCS)
With carbon capture and storage technology, 
carbon dioxide (CO2) from industrial processes 
or combustion power plants is captured from 
the exhaust gas and permanently stored to pre-
vent its being released into the atmosphere, 
thus contributing to global warming. Deep lay-
ers of sediment are frequently used for storage 
purposes� 

Demand-side management (DSM)
Demand-side management refers to the shift-
ing of an electrical consumer’s power demand 
to a later time. Thus, the power demand can be 
adapted to the fluctuating feed-in from wind 
and photovoltaic units�

Dark and windless periods
Long periods with little or no power generation 
from wind and photovoltaics are referred to as 
dark and windless periods. The longest dark and 
windless period is decisive for the structure of 
the respective power supply system. 

Fluctuating renewable energy sources (FRES)
The two defining characteristics of fluctuating 
renewable energies are that while indeed being 
inexhaustible, they are not constantly availa-
ble. Solar and wind power generation depend 
entirely on meteorological conditions and are 
consequently subject to fluctuations beyond 
our influence and control. In contrast, renewa-
ble energy from geothermal power plants, hy-
dropower reservoirs or biomass is available on 
demand� 

Gas turbine and combined-cycle gas turbine 
power plants

Gas turbine (GT) and combined-cycle gas tur-
bine (CCGT) power plants have significantly 
lower investment costs and carbon emissions 
than coal or lignite power plants. The possible 
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the means of steam turbines. If thermal storage 
units are added, the heat can be stored and 
used to generate power during times without 
solar radiation. 

Full load hours
Full load hours are a benchmark for the utilisa-
tion rate of a facility. A full load hour is defined 
as the equivalent of one operation hour at nomi-
nal load. Consequently, 1,000 full load hours are 
achieved with 1,000 operating hours at nominal 
load, or 2,000 operating hours at 50 per cent of 
the nominal load. The nominal load refers to the 
maximum output a facility can permanently pro-
duce at normal intended operating conditions. 
The full load hours are usually indicated in ref-
erence to one year. Accordingly, 1,000 full load 
hours per year signify that the plant generates 
11.4 per cent of the power it could generate 
were it operated at nominal load for the entire 
8,760 hours of the year.

Power-to-gas
With the power-to-gas technology, water is 
transformed into easily storable chemical ener-
gy sources (hydrogen or methane). The model 
calculations invariably assume the production of 
methane� 

Power-to-X
All technologies allowing for the decoupling of 
power from the electricity sector for use in oth-
er sectors are referred to as power-to-X tech-
nologies. In this position paper, power-to-heat 
(electric heat generation) and power-to-gas 
(production of synthetic natural gas by means of 
electricity) were taken into account. 

Residual load
The residual load is equivalent to the difference 
between the total power demand of all electricity 
consumers and the total amount of power gen-
erated from fluctuating renewable energies. It is 
imperative that electricity generation and con-
sumption are kept in balance at all times. In the 
event of a positive residual load, additional pow-
er must be provided; if a negative residual load 
occurs, the excess power must either be used for 
storage, in power-to-X technologies, or curtailed. 

Reference scenario 
For the purposes of this position paper, a power 
system featuring the renewable share (67 per 
cent) and the net electricity demand (458 ter-
awatt hours in 2050) from the German Federal 
Government’s target scenario53 is used as refer-
ence scenario. The respective flexibility portfolio 
was calculated by means of the method used for 
all variants. With a view to the risks their imple-
mentation would involve, the reference scenar-
io excludes both the lignite CCS technologies 
and solar thermal power generation. It also sets 
a carbon reduction target of 90 per cent com-
pared with the 1990-level.

Solar thermal electricity (Concentrated Solar 
Power, CSP)

Solar thermal plants concentrate solar rays to 
generate high temperature heat. This heat en-
ergy is then converted into electrical energy by 

53 BMWi 2014-1.
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The Academies’ Project

With the initiative ‘Energy Systems of the Future’ acatech – National Academy of Science and 
Engineering, the National Academy of Sciences Leopoldina and the Union of the German Acad-
emies of Sciences and Humanities provide input for an evidence-based discussion of the chal-
lenges and opportunities inherent to the German energy transition. Eight working groups (WGs) 
pool expert knowledge and identify relevant issues. Interdisciplinary ad hoc groups develop 
policy options for the implementation of a secure, affordable and sustainable energy transition.

The Academies’ Project seeks to provide systematic expertise and a set of reference points 
for decisions concerning the common goal “energy transition” on the basis of the following 
principles:

The energy supply of our country is a complex system

Raw materials and resources, technology, economy, society and law: In the energy system, 
we find multiple, cross-sectoral interactions. If not sufficiently taken into account, selective 
interventions can have paradoxical, unintended consequences. A prudent conversion of the 
energy supply system therefore requires a comprehensive understanding and assessment of 
the system as a whole. This must be developed in a common effort and in accordance with 
the highest scientific standards. However, there can be no master plan for the transformation 
because energy transition implies the continuous transformation of the energy system with all 
its inherent dynamics�

The aim of the energy transition is sustainability

Therefore, we have to agree on the criteria to apply to a sustainable energy supply and on 
how progress toward more sustainability can be benchmarked. In the energy concept of the 
German Federal government, supply security, economic efficiency and environmental sustain-
ability form the basic conditions for a sustainable energy supply. Equally, social acceptability 
and social justice must be adequately taken into account. To determine whether or not these 
aims must be accorded equal significance, a discussion on values and suitable mechanisms for 
dealing with conflicts of values is required. 

Science and research develop alternative approaches

Based on academically sound alternative options, players from politics, business and civil socie-
ty can make well founded, ethically responsible and politically feasible decisions. In contrast to 
recommendations promoting one specific proposal, such options sketch out the consequences 
to be expected from one or the other approach. Thus, science can specify the advantages and 
disadvantages each solution would entail according to the current state of knowledge. The 
task of dealing with conflicting goals and the uncertainty invariably inherent to any such de-
cision-making process is then a political one and requires a constant dialogue with the social 
groups involved�
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Project participants

Eight working groups (WGs) pool expert knowledge and identify relevant issues. Interdiscipli-
nary ad hoc-groups then develop policy options to address these problems.

WG Current Situation WG Legislation WG Technologies

WG Society WG Resources WG Options for Implementation

WG Economics WG Scenarios

The ad hoc group “Flexibility Concepts”

The ad hoc group “Flexibility Concepts” focused on the question how a secure power supply 
can be ensured in view of an increasing share of volatile feed-in from renewable energy sourc-
es. This included investigating potential ways of viably complementing the fluctuating power 
generation from wind and photovoltaics by flexible generation, demand-side management, 
storage mechanisms and grid expansion. The year 2050 was determined as time horizon. The 
different design options were considered in terms of their technological and financial require-
ments as well as with view to their social implications and the resources they would demand. 

Procedure
All information available for the relevant technologies was pooled, evaluated and quantified 
according to standardised criteria by technology-specific expert groups. The expert group “En-
ergy Scenarios” examined the flexibility requirements for potential energy systems in 2050 on 
the basis of currently available scenarios. By means of a computation algorithm developed for 
the working group, model calculations were carried out, yielding different options of how the 
identified flexibility requirements could be met.

During a workshop from 2nd to 4th December 2014, the chairmen of the respective expert 
groups agreed on the methodology, determined the framework conditions for the model cal-
culations and discussed interim results. A further workshop on 30th January 2015 served to 
identify key points for the fulfilment of future flexibility requirements along with other impacts 
on the power system�

The position paper “Flexibility concepts for the German power supply in 2050. Ensuring stabil-
ity in the age of renewable energies” provides a succinct synthesis of the results and points out 
options for the design of our future power supply.

Other formats:

• The Analysis “Flexibilitätskonzepte für die Stromversorgung 2050. Technologien – Szena-
rien – Systemzusammenhänge” (in German) provides a comprehensive documentation of 
the ad hoc group’s methods and results and considers them in the context of energy policy 
issues�

• The Technology Profiles (“Technologiesteckbriefe”, in German) document the data base as 
well as further details about individual technologies. They will be available online by the 
end of 2015 at www.acatech.de/flexibilitaetskonzepte-2050.



54 The Academies’ Project

Members of the ad hoc group

The ad hoc group consisted of eleven specialist groups assembling around 100 experts from sci-
ence and industry. Scientists and engineers worked alongside economists, psychologists and polit-
ical and social scientists. A complete list of participants can be found in the analysis “Flexibilitäts-
konzepte für die Stromversorgung 2050. Technologien – Szenarien – Systemzusammenhänge”. 
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