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/ 2 EXECUTIVE SUMMARY

ExECuTIvE SuMMARY

In order to achieve an 80 – 90% reduction in greenhouse gas 
(GHG) emissions by 2050 we will first have to transform our 
electricity supply system. The energy sector, currently causing more than 
80% of total emissions in Germany25, has a key role to play for reducing GHG 
emissions. Electricity supply is responsible for about 40% of the energy sector’s 
CO

2
 emissions. The potential for reducing emissions in electricity production

is very high. Given highly efficient use of electricity use and energy conversion,
as well as an energy supply system that is completely based on renewable ener-
gies, GHG emissions from electricity production can be reduced to virtually zero.

For Germany an electricity supply system based completely on 
renewable energies by 2050 is technically as well as ecologi-
cally feasible. Such a system can be implemented using currently available 
production and demand side technology and without compromising neither 
Germany’s position as a highly industrialised country nor modern behavioural 
and consumption patterns. This is shown in our simulation of the Regions Net-
work scenario as well as in several studies of other institutions such as the
German Advisory Council on the Environment (SRU). Aside from the Regions 
Network scenario, we have conceptualised two other scenarios representing  
extreme cases of renewable energy supply: the “International Large Scale scena-
rio” and the “Local Energy Autarky scenario”. We developed these examples 
of electricity supply systems to show a range of conceivable options. A real-life 
future energy supply system will most likely include characteristics of all three 
scenario types. 

In our study, technical and environmental constraints were considered in the 
identification of the nationally available renewable energy potential. The use of 
biomass was strictly limited to waste and residual biomass, most of which is con-
sidered to be needed and used in the transport and industrial sectors. The elec-
tricity supply is predominantly based on wind power plants and photovoltaic.

An electricity supply system based completely on renewable 
energies can – at any hour of the year – provide a security of 
supply on par with today’s high standard. The results of our simu-
lations show that renewable energies – through the interplay of production and 
load management and electricity storage – can meet the demand for electricity 
and provide the necessary control reserve at any time. This is possible even du-
ring extreme weather events as occurred in the four-year period considered.  

The expansion of reserve power capacity, application of load management and 
the development of infrastructure for the transport and long-term storage of 
electricity are necessary prerequisites for a power system based solely on rene-
wable energies in the year 2050. To this effect, a grid expansion on a European 
level offers great potentials to increase efficiency.
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  fOOTNOTES: 
25  UBA 2010c
26  SRU 2010, Enquete-
  Kommission 2002
27  Stern 2007
28  UBA 2010b

As an important requirement for achieving a 100% renewable 
electricity supply, we have to tap the existing energy saving 
potential. This extends to more than energy use by private households. Des-
pite the expected economic growth, the industry and trade, commerce and ser-
vices sectors have to reduce their energy consumption by tapping the existing 
saving potential. This provided, renewable energies can cover the substantial 
additional electricity demand from new applications such as electric cars or
heat pumps for domestic heating and hot water demand. To limit future elec-
tricity consumption for heating, very good insulation of buildings is a basic 
requirement.

A switch to renewable energies increases energy security. 70% 
of current primary energy consumption in Germany is based on the import of 
coal, natural gas or uranium. A complete supply of electricity from renewable 
energies could therefore dramatically reduce Germany’s dependency on such 
imports and decrease its vulnerability to fluctuating or rising oil and gas prices.

A switch to an electricity supply system based on renewable 
energies will also be economically beneficial26. The costs of such 
a change in the energy supply are significantly lower than those of adapting 
to an unmitigated climate change we and future generations would have to 
face otherwise27,28. Switching to an electricity supply system based on renewable 
energies allows Germany to link climate protection with successful economic 
development, thus creating important momentum for the current international 
climate negotiations.

A switch to 100% renewable energies by 2050 requires decis-
ive political support. The share of renewable electricity production has 
increased from 5% to 16% in the last 15 years (gross electricity production). How-
ever, there is still much work ahead if Germany wants to cover its demand for 
electricity in 2050 completely through renewable energies: It is not only neces-
sary to accelerate the expansion of renewable energies but also to substantially 
convert the existing energy system to suit an exclusive use of renewables
in the future.

It is important to define intermediate goals, particularly for 
the period after 2020. The earlier we start decisive actions, 
the more time we will have to tackle the upcoming challen-
ges technological and societal adaptation!
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01  INTRODuCTION

In order to limit global warming to 2 degrees Celsius compared to pre-industrial 
levels, global greenhouse gas emissions need to be cut at least by half of 1990s 
levels by the middle of the century. At the same time industrialised countries 
must reduce their greenhouse gas emissions by 80-95 percent by 2050.

In the context of international negotiations on a new, post-2012 climate treaty, 
science strongly indicates that any further delay in appropriate global mitigati-
on efforts will increase the pressure towards future mitigation measures. Indus-
trialised countries need to lead the way in climate policy by developing and 
implementing strategies to decarbonise emission-intensive sectors.

Between 1990 and 2010 Germany has achieved emission reductions of 23%1 by 
implementing domestic policies and measures such as feed-in tariffs and pri-
ority grid access for power from renewable energy sources (EEG), taxation of 
energy, insulation standards for buildings and the promotion of energy effici-
ent technologies. In the area of electricity production from renewable sources 
Germany has been particularly successful, increasing the share to 16.8% of gross 
electricity production in 20102 from 3,1% in 1990.

The Integrated Energy and Climate Programme of the German Federal Govern-
ment gives the right impetus to climate policy in the upcoming decade. The 
German Government has declared that it adheres to the target of a GHG emissi-
ons reduction of 40% by 2020 and of 80-95% by 2050. The share of power from 
renewable energy sources shall reach at least 35% by 2020 and 80% by 2050.

Building on a long tradition of sustainable energy scenario analysis in Germany 
(see e.g. Enquete-Kommission 2002), several studies have analysed pathways to 
reach these goals (WWF 2009, BMU 2008). A recent focus of analysis has been 
the feasibility of an electricity system with high shares of renewable energies 
(SRU 2010, BMU 2010). The reason being that the power sector is of particular 
importance: 

Emission reduction targets of over 80% are ambitious and cannot be achieved 
equally well in all sectors. In the industrial and agricultural sectors reductions 
will be more difficult to deliver than in the energy sector. The electricity sector 
alone accounts for 40% of German CO

2
 emissions, and without its decarboni-

sation overall reductions cannot be achieved. With a combination of efficient 
energy use and a shift to an energy system based on renewable energies, the 
electricity sector can be transformed into a carbonneutral system.

UBA has conceptualised three scenarios representing extreme cases of renew-
able energy supply: the “Regions Network scenario”, the “International Large 
Scale scenario” and the “Local Energy Autarky scenario”.

We developed these examples of electricity supply systems to show a range 
of conceivable options. A real-life future energy supply system will most likely 
include characteristics of all three scenario types.
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 fOOTNOTES: 
1 http://www.umweltbundesamt.de/uba-info-presse-e/2011/pe11-020_greenhouse_gases_well_

below_the_limit.htm
2 http://www.erneuerbare-energien.de/inhalt/47120/5466/
3 UBA,  (2009)

In the following the three scenarios are briefly described:

  The Regions Network scenario: All regions in a country make extensive use   
 of their regional renewables potential. Electricity is exchanged throughout   
 the country. Electricity imports are marginal.

  Local Energy Autarky scenario: In this scenario, small-scale decentralised   
 energy systems largely use locally available renewable energy sources to  
 satisfy their own power demand without electricity imports. These systems   
 make use of the maximum efficiency technologies and locally available  
 electricity storage facilities.   

  International Large Scale scenario: Electricity production and storage is based  
 on large scale technology projects in Europe and its vicinity. Electricity is   
 distributed via an upgraded transmission grid. Electricity production is 
 optimised by distributing fluctuating feed-in from renewable energy most   
 efficiently throughout Europe. 

The study presented here focuses on the first option, the Regions Network scena-
rio. The two other scenarios will be dealt with at a later stage of the project.

In the second chapter of this paper we present the framework data and mo-
delling assumptions, energy consumption data and the potential of renewa-
ble energy in Germany. As in previous studies3 we pay particular attention to 
security of supply; therefore, in the third chapter, we deal especially with load 
management and energy storage, presenting two storage systems which bind 
chemical energy either as hydrogen or methane. In the fourth chapter we 
present the results of the Regions Network scenario. The modelling results show 
that a 100% renewable energy system is technically as well as ecologically feasi-
ble. In this section we also address the question of security of supply. In the fifth 
chapter we formulate policy recommendations resulting from our findings.   
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POTENTIALS,  
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The scenario presented is a 100% renewable electricity 

system as a snapshot of the situation in the year 2050, 

and it does not map out the transformation pathway. The 

implementation of such a system is set in the year 2050, 

which we believe is a realistic completion date for the 

restructuring of the energy system. 

In our simulation, we assume that there will be no major 

change in today’s social conditions, behaviour or con-

sumption patterns. Germany remains a highly developed 

industrialised country. These assumptions are designed 

to illustrate how a renewable energy supply can be im-

plemented even with current economic structures and 

today’s lifestyle. In our simulation we deploy the best 

technology available on the market today.

7 /
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2.1 Framework Assumptions

To use a coherent data set, socio-economic model parameters were taken from 
the Prognos2 reference scenario. Accordingly, Germany’s population was assu-
med to decrease from 82.5 million in 2005 to 72.2 million in 2050. 

Germany’s gross domestic product (GDP) was estimated to increase to EUR
2000

 
2,981 billion, or a per capita GDP of EUR

2000
 41.301. These parameters are indi-

cators of the energy demand from industrial production, households as well as 
trade, commerce and services.

2.2 Future Energy Consumption

UBA assumes that today’s best available technologies for energy-using applian-
ces have diffused into the market and most energy efficiency potentials have 
been fully exploited by 2050.

Changes in user behaviour were not addressed in this study. Furthermore, we as-
sume an increase in electrification. Due to the increase in e-mobility and electric 
heat pumps, electricity demand in 2050 will only be insignificantly lower than 
2005 levels. 

For the trade, commerce and services sector as well as the industrial sector we 
mostly relied on data from the Prognos reference scenario (2009), which we 
consider to be plausible3. 

The Reference scenario is based on today’s best available technology and assu-
mes that today’s economic and industrial development will continue and today’s 
efficiency potentials will be utilised extensively. 

Final energy demand of households, the space heating requirement in industry, 
the demand for cooling and air conditioning in the trade, commerce and servi-
ces sector as well as the electricity demand of the transport sector are based on 
UBA’s own research and calculations. All results are shown in Table 1.

In the households, industrial as well as trade, commerce and services sectors we 
assume a reduction of final energy consumption by 58%, from 1639.4 TWh in 
2005 to 774.2 TWh in 2050. Electricity consumption by these sectors decreases 
by 19%, from 492.9 TWh in 2005 to 396.7 TWh in 2050. Electricity demand 
experiences a lower reduction rate than final energy consumption due to the 
switch from fossil fuels to electricity. Total electricity consumption in our simula-
tion is therefore 506 TWh, around 10% lower than 2005 levels (564 TWh). 

Taking into consideration the wider context of a decarbonised energy sector, 
we as-sumed that not only the electricity, but also the heating sector must be 
supplied solely by renewable energy sources. Another restriction is that we also 
rule out the use of biomass in the heat sector (see section “Biomass”). The most 
important option for the supply of space heating is therefore to utilise electric 
heat pumps with buffer storage and solar thermal support. Beyond that, the  
use of geothermal heat is feasible, too, but is not quantified in this scenario.  
At this stage of our report series we exclude the heat sector from further analy-
sis and focus only on its influence on electricity consumption. The rate of buil-
ding refurbishment is extremely important for reducing electricity consumption 
in the future space heating sector. Current refurbishment rates of around one 
percent per annum need to increase to 3.3 percent to realise a refurbishment 
of the entire existing building stock by 2050. We expect existing buildings to 
reduce their average space heating energy requirement from 464 kWh/m2 to 

02  POTENTIAlS, ASSUMPTIONS AND METhODOlOgY
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30 kWh/m2 and new constructions to consume 10 kWh/m2 from 2020 onwards 
arriving at an average energy requirement of 26.4 kWh/m2 for the entire build-
ing stock.

Although we assume that almost all energy efficiency potentials are exploited, 
this development is counteracted by new electric applications such as electric 
vehicles and heat pumps. We assume that almost 50 percent of kilometres 
travelled by personal cars will be electrically driven (electric vehicles or plug-in 
hybrids). This assumption is not a prognosis of the expansion of e-mobility but 
at this point we perceive it as the upper limit of a possible development. Due to 
these fuel shifts, electricity consumption in the transport sector increases by 50 
TWh/a. We expect consumption by domestic and commercial heating and hot 
water appliances to amount to 44 TWh/a.

Transmission losses were estimated to amount to 30 TWh/a based on a literature 
review as well as UBA’s own calculations. 
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2.3 Renewable Energy Potentials

Following the calculation of total electricity consumption, the UBA study carried 
out detailed research into the potential (constrained potential) for renewable 
electricity generation in Germany, taking into account technical and environmen-
tal constraints. The constrained potentials for the following generation types were 
analysed: photovoltaic, onshore wind, offshore wind, hydropower, geothermal 
energy and biomass. 

For the calculation of the constrained potential we applied the following  
methodology:

For each technology the area potentially available in Germany for its deployment 
was determined and reduced, taking into account a) ecological considerations 
such as nature conservation areas, and b) competing land uses, e.g. transport 
routes and c) settlement area. To avoid overestimations, UBA applied ambitious 
constraint criteria. 

After deducing the area available for energy production, the energy potential 
was as-sessed on the basis of weather data retrieved from a series of research 
institutes. 

We defined the technological potential with today’s best available technology. 
For this study we do not make any assumptions as regards the rate of innovation 
of renewable technologies.
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In the following the application of the methodology and some results are shown 
for three renewable energy sources4. 

PhOTOvOLTAIC
In the case of photovoltaic energy, the constrained potential in Germany was 
calculated by taking into account the available space of 1620 km2 to deploy so-
lar panels5 – which includes roofs and building facades – and 900 full load hours 
of solar radiation. Assuming photovoltaic equipment with an average efficiency 
of 17%, 275 GW production capacities could be installed yielding 248 TWh. 

wIND POwER PLANTS
For the simulation, we assumed onshore wind power plants to have a hub 
height of 135 m and a nominal capacity between 1.8 and 5 MW depending on 
their respective location. Offshore wind power plants were assumed to be of the 
5 MW category, which is commonly used today. 

Excluding inter alia area under nature protection and settlement area, we 
arrive at the conclusion that at least 1% of Germany’s total area is suited for the 
construction of wind power plants. Based on this assumption we calculated an 
installed capacity of 60,000 MW as the constrained potential for onshore wind 
power. Assuming the use of very efficient installations, approximately 3,000 full 
load hours can be expected as an average for Germany. The potential of onshore 
wind energy thus amounts to 180 TWh.
 
Regarding the potential for offshore wind power, we refer to the “E3 scena-
rio” of the Leitstudie 2008 (BMU 2008), which specifies an installed capacity 
of 45,000 MW, a figure that can be assumed to be the constrained potential. 
Modern offshore wind power plants achieve approximately 4,000 full load hours, 
which yields 180 TWh of offshore wind power.

bIOMASS 
In the simulation special restrictions apply to biomass. Energy crops cause a 
series of problems: a significant carbon footprint, competition with food and 
fodder production, destructive land-use change as well as increased negative 
environmental impacts of agricultural production on soil, water and biodiver-
sity. Due to the critical nature of bioenergy, the UBA study rules out the use of 
energy crops or imported biomass for electricity or heat production and instead 
limits the type of biomass that would be used for this purpose to nationally 
available organic wastes and residues.  

In our study even waste and residual biomass was assumed to be used in electri-
city production to a very limited degree, because its use as raw material in the 
chemical industry or as an alternative energy source in the transport sector is of 
paramount importance.

Biomass would be utilised to fuel gas turbines which serve either as reserve or as 
peak-load power plants, but only if there is additional power demand after the 
optimised utilisation of load management and pump storage power plants.

 

02  POTENTIAlS, ASSUMPTIONS AND METhODOlOgY
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REgIONS NETwORk SCENARIO*

Onshore wind

Offshore wind

photovoltaic

Hydropower

Geothermal

biomethane from waste and 
residues6

CAPACITY 
IN gw

60

45

275

5.2

6.4 

Depending  
on system 
requirements

ELECTRICITY 
gENERATION 
IN Twh

180 

180 

240 

24 

50 

23 

CAPACITY 
IN gw

50 

45

120

5.2

6.4

23.3

ELECTRICITY 
gENERATION 
IN Twh**

170

177

104

22

50

11 

RATE Of
uTILISATION 
IN %

100

100

44

100

100

48

TabLE 2  raTE OF uTILIsaTION OF avaILabLE rENEwabLE ENErGy pOTENTIaL IN GErmaNy

CONSTRAINED POTENTIAL*

*All figures refer to net generation **Average of four meteorological years

2.4 The SimEE Energy System Model

The simulation of the Regions Network   scenario was conducted by the Fraunho-
fer Institute for Wind Energy and Energy System Technology (IWES) on behalf of 
UBA using the SimEE model7. The model (Figure 1) simulates electricity produc-
tion from installed renewable energy capacities and storage facilities, the load 
curve and selected load management options over several years. The simulation 
is carried out in hourly resolution and chronological order. Wind and photovol-
taic energy production and the use of electric heat pumps can be simulated in a 
spatial resolution of 14x14 km8. The dynamic simulation of renewable feed-in and 
load in 2050 is based on meteorological data and load characteristics from four 
example years, 2006-2009. Since the simulation covers several years and therefore 
allows different weather extremes to be taken into account, more general conclu-
sions can be drawn.

In a first step the load is covered as far as possible by feed-in from wind, photo-
voltaic, hydropower and geothermal energy. Electricity production from these 
sources is determined on the basis of weather data, considering availability of 
production capacities, their spatial distribution and assuming the use today’s best 
available technology.
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The load amount was calculated based on population, energy efficiency and 
“new-application assumptions“ for 2050. The study cannot make predictions about 
altered patterns in the use of electricity technologies. We defined a “basic load 
curve”, which covers all current types of electricity consumers, excluding the 

“new electricity applica-tions”. This curve is based on historical load data from the 
European Network of Transmission System Operators for Electricity.

So called “new” electricity uses comprise the large increase in e-mobility and in 
the use of heat pumps, and additional air-conditioning. They were simulated in 
conjunction with load management. In a second step of the simulation, load 
management was applied to reduce the residual load, which is the difference 
between load and feed-in from all renewables - except for biomass. Where feed-
in proves to be insufficient to cover the load, in a last step stored energy (pump 
storage and chemical storage systems), biomass-fired reserve power plants and 
imports are utilised. Surplus energy is stored in large part either in short-term sto-
rage facilities (pump storage) or in long-term chemical storage systems (hydrogen 
or methane) to be reconverted at a later point. 
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As part of the simulation a comparison was carried out between rp-hydrogen 
and rp-methane storage. These simulation included assumptions on the storage 
efficiency of pump storage power plants, losses during electrolysis, compression, 
transport and reconversion for the hydrogen- or methane-based storage systems 
and additionally losses from the Sabatier process in the case of methane-based 
storage. Particular attention was paid to security of supply and the availability 
of sufficient balancing power for a stable grid. In the simulation we assumed 
that in 2050 transmission grids will have been sufficiently upgraded and the 
current problem of lacking grid infrastructure for renewable electricity distribu-
tion would no longer be an issue; Germany therefore was simulated as a cohe-
rent “copper plate”, the balancing of feed-in and load taking place in a single 
national control area.

 fOOTNOTES: 
2 In WWF, 2009
3 Some studies present 

similar efficiency results for 
the year 2050: BMU 2009a, 
Greenpeace 2009, UBA

 2002; whilst others do not: 
FFE 2009c

4  For further information see 
UBA 2010

5  DLR/FEU/WI 2004
6  Only includes the fraction 

of biomass from waste and 
residues that is suitable for 
the production of

 biogas, which in turn can 
be used in modern com-
bined cycle gas turbines 
with an electric efficiency 
of about 56%

7  Saint-Drenan et al. 2009; 
Sterner et al. 2010

8  This resolution corresponds 
to a grid of 3,027 planning 
areas onshore and 598 
planning areas offshore,

 each 14 x14 km in size.



/ 14

03
ELECTRICITY  
STORAgE AND LOAD 
MANAgEMENT



15 /

In an electricity supply system based fully on renewable 

energy sources, the installed capacities for production 

of photovoltaic and wind power would produce surplus 

energy in some situations and would be unable to meet 

the demand in others. Therefore, in the medium and 

long-term there will be a major need for energy storage 

as well as demand side management – which can be  

regarded as virtual storage. 

Short-term storage facilities such as pump storage power 

plants can balance out deviations between feed-in and 

load for one to several days. Similarly, demand side  

management functions as virtual short-term storage. 

Long-term storage systems such as chemical energy  

binding can balance feed-in fluctuations for any time  

period from days to years.

15 /
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3.1 Pump Storage Power Plants

Since our study is based on technologies available on the market today, we 
restricted the options for short-term storage to pump storage power plants9. 
Pump storage plants store the gravitational potential energy of water. These 
plants are deployed around the globe. Modern pump storage plants achieve sto-
rage efficiencies of more than 80% and can also provide positive and negative 
balancing power as well as reactive power. 

The installed net capacity in Germany is 6.6 GW10, the total storage capacity 
comprises about 40 GWh11. Applying a conservative approach and technical 
and environmental constraint criteria, we assumed an expansion by 2050 to an 
installed net capacity of 8.6 GW and a total storage capacity of 60 GWh. In the 
simulation, pump storage power plants provide 4 GW primary and secondary 
reserve power as well as 4.6 GW turbine capacity and 3.9 GW storage capacity 
for regular schedule operation.

3.2 Chemical energy binding

Electricity can also be converted into chemical energy and stored in this form 
for long periods and transported. This is achieved e.g. by converting electricity 
into hydrogen via electrolysis. Ideally, the chemical reaction takes place close 
to the location of electricity production to reduce electricity transmission infra-
structure requirements. In a further reaction it is possible to convert hydrogen 
into methane by means of the Sabatier process.

The infrastructure already in place for natural gas allows for an efficient distri-
bution and storage of rp-methane. In contrast, rp-hydrogen would require an 
additional transport grid but offers higher power-to-power storage efficiencies. 

Both gases can be stored in underground spaces, so called cavern and pore 
storage facilities. As required, the chemically bound energy can be reconverted 
into electricity or used for other purposes (Figure 2). 
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To achieve high efficiencies reconversion should take place in fast-response CCP 
plants close to the centres of electricity consumption. Currently CCP plants 
achieve net efficiencies of 59%.

Chemical storage allows for innovative load and generation management. Sto-
rage limits the need for additional production capacities and reduces stress on 
the transmission grid, e.g. when rp-methane is transported through the existing 
natural gas grid instead. Therefore much of the electricity from renewable ener-
gy sources which otherwise could not be absorbed by the grid can be utilised13.

Beyond that rp-methane and rp-hydrogen can be used in the chemical industry 
or as alternatives to fossil fuels in the transport sector. 

RP-hYDROgEN STORAgE SYSTEM
Rp-hydrogen derived from electrolysis can directly function as energy carrier. 
The direct use of hydrogen is more efficient from an energy perspective as no 
additional losses for the conversion into methane occur. The electric system 
efficiency of an rp-hydrogen storage system is about 42%. 

Electrolysers, particularly pressure electrolysers, are fast-response capacities in 
the load management portfolio. They respond to load changes almost without 
any delays and can be started up or shut down within less than 15 minutes14. In 
addition to the use of surplus energy, electrolysis is excellently suited to react to 
feed-in fluctuations from intermittent energy sources such as wind and photo-
voltaic and to provide balancing power. It can thus make a major contribution 
to guaranteeing stable grid operation.

Pressure alkaline electrolysers have been employed on a commercial scale for 
years to produce hydrogen for the chemical industry. Already today, several 
demonstration projects with a capacity of up to 1 MW achieve efficiencies of up 
to 82% (based on the heating value) at their optimum operating point15. 

Industrial companies have operated pipelines for the transport of highly com-
pressed gaseous hydrogen in several regions for quite some time. In contrast 
to an rp-methane system, an rp-hydrogen system requires the construction of 
additional transport infrastructure. A long-distance transport network with few 
connection points would, however, be sufficient. 

As methane, hydrogen can be used in gas turbines as well as in CCP plants. Gas 
turbine power plants running with pure hydrogen are not yet available on the 
market. However, special gas turbines are already capable of generating elec-
tricity based on electrolytically produced hydrogen, if the hydrogen is diluted 
to a content of 60-70% by mixing it with nitrogen or CO

2
16. These turbines are 

already available on the market but lack longstanding practical experience. 

RP-METhANE STORAgE SYSTEM
The methane storage system requires an additional conversion process from 
hy-drogen to methane. Conversion losses are therefore higher, but on the other 
hand the existing natural gas infrastructure can be utilised.

In the case of the synthesis of methane we deviate from our original premise 
of relying solely on currently available technologies. The Sabatier process has 
not played a role in energy production to date, but its technical feasibility was 
demonstrated in pilot plants. 

Methane synthesis has an efficiency of 75-85%17,18. The electric system efficiency 
of the rp-methane storage system is around 35%.
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STORAgE CAPACITIES
In the future, large quantities of rp-methane could be stored in underground 
pore storage spaces, such as depleted gas and oil fields and aquifers19, or in salt 
cavern20, just like natural gas is stored today. Hydrogen storage in salt caverns is 
particularly suitable, and is already the state of the art today. The constrained 
potential of storage capacities in Germany is equally sufficient for rp-methane as 
for rp-hydrogen21.

3.3 Load Management

Load management allows suitable electricity applications to be retimed or 
shut down to minimise load peaks in those situations when load considerably 
exceeds feed-in from RES. Demand is shifted to those times when feed-in from 
renewable sources exceeds the load. 

Suitable for load management are all those applications whose energy demand 
is dispatchable because they are either equipped with electricity or heat sto-
rage or can be dispensed with temporarily (e.g. charging the battery of a plug-
in-hybrid vehicle). 
 
The prerequisite to load management is the application of modern information 
and communication technology. Generally, one can divide applications suitable 
for load management into two groups

a) Consumers with high loads, e.g. production of steel. Due to economic  
 considerations production processes can only be shifted for a certain time.
b) Consumers with lower loads but more flexibility for temporary shifting, e.g.  
 cooling or heating applications or e-mobility

In addition to hydrogen electrolysis as described above, electric heat pumps, 
airconditioning, e-vehicles and large industrial consumers offer the largest 
potential for load management.

These potentials - with the exception of those in industry - were incorporated in 
the simulation (see Table 4). Further potentials in the area of domestic applica-
tions were not considered but constitute an additional potential reserve.

Electrolysis (full and partial load)

methanation*

storage, including compression and transport*

reconversion*

Total system efficiency** 

Electric heat pumps*

Electric vehicles

Cooling in trade, commerce and services sector*

Total electricity demand

TabLE 3  COmparIsON OF EFFICIENCIEs OF CHEmICaL ENErGy bINDING sysTEms

TabLE 4  mODEL INpuT: basIC LOaD aND DIspaTCHabLE LOaDs IN Twh/a

74-82%

93%

hYDROgEN STORAgE SYSTEM

-

57%

42%

   METhAN STORAgE SYSTEM    

83%

 

57%

35%

*Average efficiency **results of the simulation

*Average efficiency

APPLIANCES IN AvERAgE ELECTRICITY CONSuMPTION

44

50

28

506

           LOAD MANAgEMENT
    

 

44

40

10

94

03  ElECTRICITY STORAgE AND lOAD MANAgEMENT



 fOOTNOTES: 
9  Adiabatic Compressed Air 

Energy Storage (ACAES) 
power plants, which are 
CAES plants without a loss 
of temperature of the pres-
surized air, are still under 
development.

10 DENA 2008a; WWF 2009
11 Kleimaier 2010; Schulz 2009
12 Sterner 2009
13 ZSW/IWES/Solar Fuel 2009
14 Brinner 2002
15 FVS 2004
16 According to gas turbine 

manufacturer „GE“, gas 
turbines and CCP plants are 
available on the market

 which can use gas mixtures 
composed mainly of hydro-
gen and a small share of 
inert gases. These gas

 turbines are designed, in 
particular, for use in IGCC 
plants, i.e. plants for gasifi-
cation of carbon-containing

 compounds, with carbon 
capture (CCS) and subse-
quent use of the hydrogen-
rich fuel gases for electrici-
ty generation (GE 2009).

17 Sterner 2009
18 A pilot plant developed by 

the Centre for Solar Energy 
and Hydrogen Research 
Baden-Württemberg (ZSW) 
reaches an efficiency of 
around 82%. Considering 
upscaling 85% are probably 
achievable. (Sterner 2010)

19 Aquifers are water-bearing 
rock strata.

20 Salt caverns are artifically 
hollowed spaces in geologi-
cal salt formations.

21 Until 2050, around 36.8 
billion m3 (V

n
) hydrogen or 

methane can be stored in 
caverns alone.
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4.1 Feed-in from Renewable Energy Sources

In the simulation the installed renewable-energy generation capacities amount 
to 260 GW, though at no point in time the entire fleet generates power simulta-
neously. 

Figure 3 shows the feed-in in the four example years. The highest monthly ave-
rage is in January 2007 at approximately 85 GW. The lowest monthly average is 
observed in October 2007 at 40 GW. Noteworthy are the windy winter months 
and sunny summer months as well as the fact that the monthly wind-power 
feed-in (blue) and photovoltaic feed-in (yellow) complement each other very well.

Due to the variability of weather conditions, feed-in from renewables may vary 
greatly over an hour, but this can be compensated to some degree by adjusting 
the load through load management. Figure 4 shows the months January and 
December 2007 as examples to illustrate this. The continuous red line shows the 
total load (defined as basic load + heat pumps + e-vehicles + air conditioning). It 
can be seen that in January the load can largely be covered by renewable ener-
gy. In contrast, December was a rather unproductive feed-in month. Due to a 
two-week period with little wind, renewable generation could not have satisfied 
the load demand without falling back on stored energy for considerable periods 
of time. The bottom figure exemplifies a summer month – August 2007. Notice-
able load spikes occur simultaneously with maximum feed-in from photovoltaics. 
The correlation is a result of load management.
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Average monthly feed-in from RES in a comparison (2006-2009)  
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FIGurE 3  mONTHLy FEED-IN FrOm aLL rENEwabLE ENErGy sOurCEs IN THE yEar 2050 basED ON THE mETEOrOLOGICaL 
yEars 2006-2009 (mONTHLy avEraGEs).
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RES feed-in and load (Meteorological year 2007, January) 
Power (in GW)
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RES feed-in and load (Meteorological year 2007, December) 
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RES feed-in and load (Meteorological year 2007, August) 
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FIGurE 4  ExampLEs OF FEED-IN FrOm rENEwabLE ENErGy sOurCEs IN THE yEar 2050, basED ON THE mETEOrOLOGICaL yEar 2007: 
JaNuary (TOp), DECEmbEr (CENTrE), auGusT (bOTTOm)
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4.2 Residual load 

The residual load is the remaining load which is not directly covered by feed-in 

from renewable energy and is obtained by subtracting renewable generation from 

the load. Positive values signify that the remaining load needs to be covered by sto-

rage and reserve capacities or by imports. Negative values indicate an excess supply 

of energy.

RESIDuAL bASIC LOAD
The residual basic load is shown in Figure 5 for the meteorological year 2009. It is 

calculated as the difference between basic load and generation of renewable ener-

gy (without biomass). 

As evident from the above figures, renewables cannot at all times cover the basic 

load without the use of storage (red areas of Figure 5). At the same time, it can be 

seen that in the course of the year there are several points in time at which feed-in 

from renewables exceeds the current basic load and excess power is available (blue 

areas). Excess supply spikes (up to -100 GW) occur more frequently and are more 

pronounced than deficit spikes (up to +50 GW). With the excess supply, deficits can 

be offset, on condition that the excess energy can be stored.

04  REgIONS NETwORk SCENARIO: RESUlTS Of ThE SIMUlATION
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Residual load without e-mobility, heat pumps and air conditioning

residual load (in GW)

Surpluses: -153.9 TWh
Deficit: 52.8 TWh
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FIGurE 5  rEsIDuaL basIC LOaD FOr 2050, basED ON DaTa FrOm THE mETEOrOLOGICaL yEar 2009
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TOTAL RESIDuAL LOAD 
Total residual load is calculated as the difference between total load, which 
is defined as basic load plus demand for air-conditioning, e-mobility and heat 
pumps including load management, and generation from renewables (exclu-
ding biomass). 

Unlike the residual basic load, the total residual load reflects the effects of load 
man-agement, as shown in Figure 6 for the example year 2009. By re-timing 
both, the charging of e-vehicles and the use of air-conditioning and heat pumps, 
the excess supplies can be skimmed to some extent. The additional consumers 
increase load spikes, despite load management, though considerably less than 
in the case of uncontrolled demand.

TOTAL RESIDuAL LOAD AND PuMP STORAgE CAPACITY
A further balancing option is short-term storage. Our simulation envisages that 
only pump storage power plants are used for this purpose.

As shown in Figure 7, load management and use of short-term storage flatten 
the residual load curve and decrease excess production compared to the resi-
dual basic load shown in Figure 5. Due to their limited capacity these options 
flatten the residual load curve only to a small degree.
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Residuallast nach allen Verbrauchern und Lastmanagement, vor PSW (Meteo-Jahr 2009)

residual load (in GW)

Surpluses: -82.7 TWh
Deficit: 84.7 TWh 
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FIGurE 6  TOTaL rEsIDuaL LOaD wITH LOaD maNaGEmENT (wITHOuT pump sTOraGE) IN THE yEar 2050, basED ON DaTa FrOm 
THE mETEOrOLOGICaL yEar 2009
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Total residual load with load management and pump storage

residual load (in GW)

Surpluses: -78.5 TWh
Deficit: 82.6 TWh
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FIGurE 7  TOTaL rEsIDuaL LOaD wITH LOaD maNaGEmENT aND pump sTOraGE IN THE yEar 2050, basED ON DaTa FrOm THE 
mETEOrOLOGICaL yEar 2009
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4.3 Long-term storage, electricity imports and  
reserve capacity 

Both storage systems utilise electrolysis to handle excess power. To utilise 99% of 

the excess electricity, the installed electrolysis capacity does not need to match the 

maximum surplus generation of 69 GW; instead, 44 GW are sufficient.

hYDROgEN STORAgE SYSTEM
To fully cover the load at any hour throughout the simulation period, the following 

gen-eration capacities were applied successively as needed:
 

(1) up to 2.5 GW CHP biomethane-gas turbines, 

(2) 6.9 GW imports of electricity from renewable sources,

(3) 30.4 GW CCP plants for the reconversion of rp-hydrogen and

(4) 17.5 GW biomethane gas turbines without CHP as reserve capacity.

The use of electrolysers, hydrogen reconversion, biomethane conversion and 

imports for the entire simulation period are shown in Figure 8. The rp-hydrogen 

storage system has an efficiency of 42%.
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Imports range from 19.7 TWh for the meteorological year 2007 to 26.5 TWh for 

2006. The average across all four years is 23 TWh. This is slightly less than 5% of 

electricity consumption in 205022 and thus well below today’s gross imports of 40 

TWh. In these scenarios, imports are only used to even out the four-year energy 

balance. They are not necessary to ensure security of supply. Without these imports, 

renewable energy potentials would need to be exploited to a somewhat larger 

extent.  

The hydrogen storage system requires cavern storage space volume of around 28 

billion m3. The constrained potential for storage in caverns in Germany is around 

37 billion m3, sufficient for 110 TWh
th
 hydrogen; consequently simultaneous natural 

gas and hydrogen storage is possible with existing storage capacity.

METhANE STORAgE SYSTEM
If the long-term storage system is run on rp-methane instead of rp-hydrogen, the 

total system efficiency decreases to 35% due to additional conversion losses. 

Imports therefore slightly increase, on average to 30 TWh or around 6% of electrici-

ty consumption per annum. 

The required storage volume of around 7.5 billion m3 is therefore significantly 

lower than the constrained potential available in 2050.

Imports, electrolysis and hydrogen reconversation
Power (in GW)

2006 Jahr200920082007
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Max. residual load: 57.3 GW

Electrolysis capacity: 44 GW

ElectrolysisReconversion in CCP plantsbiogas reserve Import Biogas CHP Surpluses, curtailed

FIGurE 8  usE OF ELECTrOLysIs, HyDrOGEN rECONvErsION, bIOmETHaNE GENEraTION aND ImpOrTs FOr THE 
sImuLaTION pErIOD 2006-2009
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4.4 Energy balances 

Table 5 shows the results of power generation from renewable energy. Yearly gene-

ration varies between 514 and 555 TWh with a 4-year average of 534 TWh.
 

Table 6 and Figure 9 show the total energy balance for the meteorological years 

2006-2009 as well as the average values for an rp-hydrogen storage system. The 

results for the rp-methane storage system differ only slightly from those for rp-

hydrogen.

Since feed-in from renewable energy sources varies from year to year, so does 

electricity generation from reconversion of rp-hydrogen in CCP plants. Imports also 

vary from year to year.

TabLE 5  ENErGy GENEraTION, CapaCITy aND FuLL-LOaD HOurs OF rEs FOr THE mETEOrOLOGICaL yEars 2006-2009

geothermal: 6.4 gw

Energy [Twh]

Full-load hours [h]

Run-of-river power: 5.2 gw

Energy [Twh]

Full-load hours [h]

wind onshore: 60 gw

Energy [Twh]

Full-load hours [h]

wind offshore: 45 gw

Energy [Twh]

Full-load hours [h]

Photovoltaic: 120 gw

Energy [Twh]

Full-load hours [h]

biomass: 23.3 gw

Energy [Twh]

Full-load hours [h]

Total renewable energy 

sources: 259.9 gw

Energy [Twh]

2006

50

7884

22

4264

163

2715

171

3804

104

868

13

546

523

2007

50

7884

23

4502

184

3071

183

4065

104

868

10

435

555

2008

51

7906

23

4385

174

2899

185

4106

103

861

9

393

545

2009

50

7884

21

4001

158

2634

168

3741

104

870

12

516

514

Average

50

7889

22

4288

170

2829

177

3929

104

867

11

472

534

TabLE 6  ENErGy baLaNCE FOr THE LONG-TErm sTOraGE sysTEm “HyDrOGEN” FOr THE mETEOrOLOGICaL yEars 2006-2009

generation

Total rEs (259.9 Gw)

pump storage (turbine)

reconversion H
2

Imports 

Demand

basic load 

air-conditioning 

e-personal vehicles 

Heat pumps 

pump storage (pump) 

Electrolysis

Curtailment of excess supply

2006

523.5

5.8

45.1

26.0

401.0

13

50

44

7.7

84

1.8

2007

555.3

5.9

31.1

19.7

401.0

8.9

50.0

34.6

7.9

108.3

1.4

2008

544.6

6.1

30.4

20.7

403.3

8.9

50.0

38.2

8.1

92.8

0.4

2009

514.1

6.1

45.7

24.9

401.0

9.3

50.0

43.3

8.2

77.4

1.2

Average

534.4

6.0

38.1

22.8

401.6

10.0

50.0

39.9

8.0

90.5

1.2
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Generation + imports: 557 TWh Consumption and losses: 557 TWh

Offshore wind: 177.0 TWh

RES-E imports: 22.8 TWh

Onshore wind: 170.0 TWh

Biomass: 11.0 TWh
Hydropower: 22.0 TWh

Geothermal: 50.0 TWh
Photovoltaic: 104.0 TWh

Pump storage 
losses:
2.0 TWh

Unused surpluses:
1.2 TWh

H
2
 conversion losses: 

52.5 TWh

Grid losses:
30.0 TWh

Net electricity
consumption:

471.5 TWh
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FIGurE 9  NET ELECTrICITy prODuCTION wITHOuT sTOraGE pOwEr pLaNTs pLus ImpOrTs FrOm rENEwabLE ENErGy 
sOurCEs as wELL as NET ELECTrICITy CONsumpTION aND LOssEs as avEraGE vaLuEs FOr THE mETEOrOLOGICaL yEars 
2006-2009 FOr THE GENEraTION sysTEm wITH HyDrOGEN sTOraGE

4.5 Security of Supply 

The results of the simulation show that an electricity supply system based entirely 

on renewable energies can satisfy load requirements at any given hour of the year. 

Strictly speaking, these results could be the outcome of a lucky constellation of 

historic load and weather patterns in the four sample years. A stricter proof would 

be to demonstrate that the power generation system can satisfy the power require-

ment at any point in time even during extreme events with a pre-defined probabi-

lity. The concept of guaranteed capacity provides such a proof. It factors in power 

plant failures and weather conditions with the probabilistic method of recursive 

convolution and the expectation on peak load. 

With the installed capacity of wind power and photovoltaic increasing, the feed-in 

gradient, i.e. the change in feed-in from one moment to the next, increases as well. 

As a result, the total residual load will also see significantly higher gradients (i.e. 

faster changes) compared to today. These changes need to be balanced at any time 

by storage and reserve capacities.

Due to forecasting uncertainties for wind and photovoltaic energy, increases in 

installed capacity increase the need for balancing power, in other words the need 

for fast-response balancing capacity for unexpected deviations between generation 

and demand. Therefore it also needs to be shown that sufficient balancing power is 

available in the power system at all times to prevent outages.

Reserve power serves to balance power fluctuations in the time period of less than 

an hour. Since our simulation only allows for an hourly resolution, we separately 

assessed the provision of balancing power.
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The results of the analysis show that in the Regions Network scenario power requi-

rement could be covered at any moment at today’s level of supply security23.

Balancing of changes in load and RES-based generation as well as provision of 

balancing power can be guaranteed through a combination of load management, 

electricity storage and reserve power plants. With both electricity storage and  

reserve power plants, sufficient secured capacity is available at any time.

4.6 Conclusion 

For Germany an electricity supply system based completely on renewable energies 

by 2050 is technically as well as ecologically feasible. Such a system can be imple-

mented using currently available production and demand side technology and wi-

thout compromising neither Germany’s position as a highly industrialised country 

nor current lifestyles.

An electricity supply system based completely on renewable energies can – at any 

hour of the year – provide a security of supply on par with today’s high standard. 

The results of our simulations show that renewable energies – through the inter-

play of production and load management and electricity storage – can meet the 

demand for electricity and provide the necessary control reserve at any time. This 

is possible even during extreme weather events as occurred in the four-year time 

period considered. 

The constrained renewable energy potentials in Germany (considering technical 

and environmental constraints) were shown to be sufficient if – at the same time – 

available efficiency potentials in electricity consumption and building insulation 

are tapped.

The potentials identified in our simulation are also sufficient to cover the additi-

onal power demand from strongly increasing e-mobility and from the use of heat 

pumps to cover the entire heating and hot water demand, as well as for additional 

air conditioning.

The expansion of reserve power capacity, application of load management and the 

development of infrastructure for the transport and long-term storage of electricity 

are necessary prerequisites for a power system based solely on renewable energies 

in the year 2050.

Though this study has a purely national focus, it should be noted that the expansi-

on of the European energy grid offers significant potential for increasing efficiency 

by balancing feed-in from wind and photovoltaic energy on a continental scale.
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 fOOTNOTES: 
22 In 2009, Germany imported 

more than 40 TWh of elec-
tricity (gross import) while 
exporting 55 TWh over

 the same period.

23 In this study, we focussed 

on the interplay of 

generation and demand 

as well as the need for 

storage systems and load 

management. What 

types of grid technology 

solutions are needed to 

incorporate large

 shares of renewables 

should be analysed in 

further studies.
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  Policymakers should agree on binding long-term mitigation targets for green-
house gases for 2050 which, in the case of Germany, should be set along the 
upper end of the 80-95% trajectory recommended by the IPCC. The restructu-
ring of the energy system requires a clear trajectory for the rate of expansion 
of renewable energies with binding long-term targets.

  Efficient and intelligent utilisation of energy is the key. Without a reduc-
tion of present energy consumption levels, particularly in the space heating 
sector, a 100% renewable energy supply will be difficult to achieve. Therefore, 
among other instruments, the EU Ecodesign Directive should be strengthe-
ned; energy management in commerce and industry should be compulsory 
and energy efficiency requirements for buildings need to be tightened. In 
addition, highest possible energy efficiency must be achieved in the transport 
sector. As our simulation has shown, dispatchable loads are a key element 
in a renewable energy system. Load management potentials must be tapped 
using suitable instruments such as economic incentives. 

 Policymakers should aim at tightening the ETS, reducing environmentally 
harmful subsidies as well as passing an ecological tax reform. Finally, German 
policymakers should consolidate German climate protection legislation into 
a single climate act, strengthen the role of local authorities and develop new 
market structures adapted to the characteristics of renewable energy sources.

 Spatial planning needs to be adapted to facilitate the establishment of wind 
power plants and clarify the situation of underground planning.  

 The restructuring of the energy system requires major infrastructural projects 
to optimise and expand electricity grids and develop energy storage facilities 
and transport systems.  

 Expansion and optimisation of the transmission and distribution grid, though 
not addressed in great detail in this study, is of utmost importance to enable 
the increase of renewable energy generation. 

 During the transition period the energy sector will require highly flexible 
gas-fired power plants, as well as efficient gas CHP power plants. As has been 
shown by UBA24, additional construction of coal-fired power plants will not be 
necessary to secure energy supply.  

 Renewable energy production, though in general more environmentally 
friendly than conventional power production, is not without negative envi-
ronmental impacts. For example, increasing the share of renewables requires 
the expansion of transmission grids and storage facilities, leading to resource 
consumption, land sealing, etc.. Any technology replacing conventional  
power production will need to meet sustainability criteria going beyond  
climate change mitigation aspects. To name a few examples, renewable  
energy technology needs to be efficient in its use of non-renewable resources 
and must meet health and safety requirements. 

 Any transition process will require the necessary experts and technologies. 
R&D in the energy sector and adjustment of the education system are prere-
quisites to put a 100% renewable energy system on the ground.

 Lastly, but highly important, social support for the transition process must be 
generated by making it a democratic, participatory process.

It must be clear that a complete transition of the electricity sector presents a 
great challenge but needs to start today to avoid the most severe impacts of 
climate change.

05  POlICY RECOMMENDATIONS
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 fOOTNOTES: 

24 UBA (2009)
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CCPP  combined cycle power plant 
CCP plant combined cycle power plant
ChP Combined heat and power
gDP Gross domestic product
ghg  greenhouse gases 
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hvDC  High-voltage, direct current 
IPCC    Intergovernmental Panel on Climate Change
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IwES Fraunhofer Institute for Wind Energy and Energy 
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