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Summary

Although the transition to energy supply through renewables (RE) is, in gen-

eral, politically accepted in Germany, its progress is slowed by conflicting

interests, primarily nature conservation and protesting residents. This study

aims to find ways to solve these conflicts in Germany. To this end, the

researchers developed a geospatial model that calculates RE potentials and vul-

nerabilities of nature and humans. Both data input and some evaluation stan-

dards are variables in the model. The outcomes are compared to an estimated

total energy demand in 2050. Two ambitious scenarios (“no regret” and “com-

promise”) show that a maximum of 4% of the German territory is available to

meet the energy demand. This demand can be met using PV in urban areas

and wind in rural landscapes without significantly impairing nature's and peo-

ple's wellbeing. Solar parks and other potentials not considered in the model

are treated as a reserve, which can be included if the energy targets are not

met under the assumed scenario conditions. Such reserves also provide flexibil-

ity for co-determination in public participation.
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1 | INTRODUCTION

The transition to energy supply through renewables is
one of the central global challenges of the 21st century. It
is a major component of national strategies for achieving
the international climate change agreements (COP 21)
and ensures sustainable energy supply without the use of
fossil fuels. Globally, the share of renewable energies
(RE) in total primary energy was 14% in 2015.1

Still, climate change is not the only challenge we face.
The loss of biodiversity appears to exceed the planetary
boundaries, even more than greenhouse gas emissions,2-5

and it requires an integrated governance approach.
Although the necessity of the energy transition is
undisputed, the concrete implementation faces many
conflicts concerning the scarcity of land and the impacts
of RE installations on human health and nature. On the
one hand, strong incentive mechanisms have motivated
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the expansion of renewable energies in several countries
and especially in Germany. On the other, citizens' pro-
tests have delayed the construction of power grids and
wind turbines in the vicinity of residential areas and in
recreational landscapes. These challenges require an
approach that integrates the modeling of future RE devel-
opment potential with the respective vulnerabilities of
nature and humans and the possibility to downscale sus-
tainable energy targets. Furthermore, a recent analysis of
data-uncertainty revealed that the use of coarse spatial
data strongly affects the calculations of available area at
the national level6,7 and thus the projected energy reve-
nue. Consequently, models should use the most current
and detailed data in calculations on the national level,
especially if targets should be downscaled.

Many approaches to determine RE generation poten-
tial have been developed for different countries with dif-
ferent input parameters, target values for energy demand
or time frames for the conversion of the energy system.
One early approach at the regional scale aimed to inte-
grate nature conservation and energy transition. It used a
broad set of criteria that included different ecosystem ser-
vices, which are used to calculate the potential for sus-
tainable RE use. This model can help identify the trade-
offs between efficient energy generation and impairment
of the environment.8,9 As of yet, scenarios until 2030 for
many countries primarily use the LUT model, developed
at LUT University Finland. It aims to minimize the total
system costs and employs regional data such as: power
and heat demand, existing power and heat capacities,
financial and technical parameters, as well as limits for
installed capacity of all available technologies.10 The cal-
culations were made for large areas such as the Middle
East and North Africa region (MENA region)11 or
Europe.12 The model gives a good overview of the effec-
tive energy potential and its relation to demand. How-
ever, it offers only course spatial specificity and does not
consider nature conservation restrictions in sufficient
detail.

Furthermore, economic criteria that determine the
total system costs drive the scenarios calculated for a
Europe of 100% RE in 2050.13 The spatial analyses used
in these scenarios are based on wind and photovoltaic
capacities in locations with optimized energy potential
that are outside protected conservation areas. The poten-
tial is calculated on the basis of the European Reanalysis
Interim (ERA-Interim) weather dataset and Corine Land
Cover (CLC), and thus they remain spatially unprecise.

Although these modeling approaches provide good
overviews, they cannot replace necessary national analyses
that are required to achieve the national obligations under
the Paris agreement. The LUT model was used for several
national case studies that calculate, for example, the

potential future developments in the energy system of
Kazakhstan,10 Turkey14 and South Africa.15 Othernational
studies have calculated the energy potential using rather
coarse input data16,17 and considering only nature within
protected areas. Furthermore, all studies assume present-
day conditions and do not consider future developments
in electricity demand, expected for technological innova-
tions or land availability in the next 30 years.18-21 Kienast
et al16 also work on the national level and also include
selected landscape services similar to Palmas et al.9 Their
research also reveals the limits of studies that are economi-
cally focused by highlighting the conflicts and restraints at
the local level of expanding renewable energies. Once
again, their study assumes the existing generation technol-
ogies and land uses as the status quo and does not con-
sider future development opportunities. For Germany, the
existing studies on the national level face a similar situa-
tion with respect to spatial resolution22 and limited scope.

In light of the described gaps in research, our study
aims to determine whether Germany can produce
enough RE on the national territory to meet the demand
in 2050 without impairing humans or nature. Further-
more, our study allows for flexibility at the local level in
shaping the energy landscape. This required an approach
that permits us to estimate the future demand for renew-
able energy and calculate possible RE generation, while
considering the evolving technologies as well as societal
and natural restrictions. For this purpose, the energy
demand in 2050 was projected and a spatial model was
developed that considers both the potential RE produc-
tion and the vulnerability of nature and humans. From
the beginning, the research has been closely aligned with
the planning process, as this facilitates the transfer of sci-
entific results into practice and uses the language and
approach of local actors.

The model uses scenarios to explore the potentials
and limits of a sustainable energy transition. The scenar-
ios and resulting policy and governance implications help
decision makers identify implementation measures that
can be used for a nature-friendly design of the energy
transition process. In the initial development of the
model, we concentrated on wind energy in rural areas
and photovoltaic (PV) in urban areas because this selec-
tion reflected the current political stipulations and socie-
tal attitudes in Germany.23,24 The model can illustrate
the maximum potential of wind and solar energy, which
in case of roof PV is not likely to be fully implemented.
Ground mounted PV, in contrast, is perceived to be in
competition with land uses such as agriculture, nature
conservation, leisure and recreation. There is a fear that
the displacement of such land uses could lead to land use
intensification and impact biological diversity else-
where.25 However, its potential must be considered, for
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example, if electricity production by wind and roof PV
cannot be fully exploited. In general, input variables
related to political decisions that define the scenario path
may vary and need adjusting to reflect societal prefer-
ences on different political levels.

Because many factors influence the implementation
of energy projects, such as national and European
funding programmes, we have not yet performed cost cal-
culations. Rather, we focused initially on land availabil-
ity, as it greatly influences the financing and realization
options of RE. Thus, the determination of potential land
areas forms the basis for planning the implementation of
the energy transition.

2 | METHODS

2.1 | Projection of the energy demand in
2050 and assumptions

The projection of energy demand in 2050 was based on:
the extrapolated population and economic development,
an expected rate of electrification in the transportation
sector, as well as assumptions for building renovations,
and so on (see Table 1). The assumptions can be adapted
to different future preconditions. Under these conditions,
we projected the final energy demand for the year 2050
that uses both ambitious and moderate assumptions. The
energy demand represents possible target values that are
used to assess the modeling results. If the demand cannot
be met, either more ambitious demand reductions are
required or more RE must be produced to meet the 100%
target.

The transition to a predominantly electric power sup-
ply system was assumed for all scenarios. This enables
the coupling of all sectors of the energy system such as
electricity, heating, mobility and industry. In addition to
the basic electricity demand, we had to consider fluctua-
tions in the daily and annual cycle of the energy produc-
tion. These fluctuations lead to a high storage demand

with corresponding conversion losses. Only some indus-
trial processes and air transportation will continue torely
on liquid raw materials. For this demand, combustibles
must be provided from biomass (biogenic residues) and
from “Power-to-X.” Power-to-X refers to technologies
that convert electricity generated from renewable sources
into physical energy stores, energy carriers, and energy-
intensive chemical products.

Furthermore, the energy demand is based on the
assumptions that heat pumps, which use ambient heat,
are used to heat and cool households. The electricity
demand for this technique is included in the calculation
of the total energy demand.

2.2 | Modeling the sustainable electricity
yield potential

2.2.1 | Overview of the modeling
component

A spatial approach was chosen to model the sustainable
electricity production because land availability is a deci-
sive limiting factor and the protection of nature and as of
humans occurs in a spatial context. The challenges and
conflicts between nature conservation and energy pro-
duction can be identified only on a site-specific basis by
placing RE power generators in areas with a low vulnera-
bility for humans and nature.16 For this reason, the
nationwide calculation of potentials for a supply of RE
requires the utilization of spatial data.18,20 Furthermore,
downscaling in spatial planning requires spatially explicit
information. Consequently, the model was built in a geo-
graphical information system (GIS). We used the GIS-
software ArcGIS 10.5 with the extensions “Geostatistical
Analyst” and “Spatial Analyst”.

The model includes the following components:

1. The assessment of valuable areas for nature and
humans (nature conservation, recreation, noise

TABLE 1 Variables for the projection of energy demand in 2050

Population
development
by 2050 Mobility Building heat Process heat

Power/light/ICT
and refrigeration

Decline: −12%26 Electrification of 88% of
passenger and freight traffic
on roads and railways27

Annual renovation rate of
2.64%27

Reduction of process
heat demand by
24%

Use of efficiency
measures to reduce
to 82%

Per capita GDP
increases by
48%28,29

11% reduced fuel
consumption with
remaining combustion
engines30

Use of electric heat pumps
(energy sources: electricity
and ambient heat)27
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protection) and the determination of vulnerability
classes with respect to RE generation (focus on wind
and PV), in order to identify areas that should not be
used for wind energy or only under specific condi-
tions. This was achieved through: (i) literature-based
definition of habitats and species sensitivity to power
plants; (ii) expert-based definition of protection dis-
tances around other sensitive areas such as recreation
landscapes; (iii) identification of areas of outstanding
landscape beauty (according to31). Furthermore, the
objectives and targets of the German biodiversity strat-
egy32 were spatially specified in order to consider
nature conservation development until 2050.

2. Area-specific calculation of electricity yield potential
for onshore wind energy and PV on rooftops;

3. Overlay of the results of the previous analyses to iden-
tify low vulnerability areas for wind energy that are
suitable for power plants and calculating the resulting
overall potential electricity production for Germany.

2.2.2 | Scenario design and input
variables

In order to avoid risks to humans and nature, the scenar-
ios calculated for Germany consider only areas where
wind energy is not expected to have relevant adverse
effects. Four categories of spatial vulnerability were cre-
ated, whereby high spatial vulnerable areas are excluded
from the production of wind energy. In contrast, in areas
of low spatial vulnerability the production of wind energy
is compatible with humans and nature.

One scenario, called “no regret”, takes a particularly
strict approach to a nature- and human-compatible
expansion with renewables. The scenario “no regret”
considers only areas that have a low spatial vulnerability
to wind energy production, and thus, energy production
in this scenario is compatible with human and nature
needs without reservations. The second scenario, “com-
promise”, also includes areas with medium vulnerability
for allocating wind turbines that can be used with specific
precautionary measures.

Details about the normative preconditions were
defined in a transdisciplinary process with decision
makers from federal administrations as well as NGOs.
This process resulted in the decision that the project
should focus on wind power generated outside urban
areas and PV located inside urban areas. Thus, we have
calculated the yield potentials for onshore wind energy
and PV on roofs in a geoprocessing workflow, whereas
the yield potentials of geothermal, hydropower and off-
shore wind energy were derived from existing studies
(see Table 2).41,42 A further project assumption was that

the agricultural land presently used for food production
should not be reduced in size.

Using input from experts, we chose a single type of
wind turbines that represents the future technology for
2050as the technical input variable. Furthermore, experts
also determined the assumptions about the efficiency of
photovoltaics; making it possible to consider the further
development of the technology up to the year 2050.
Table 2 shows the technical layout of the two scenarios.

In addition to the technological developments until
2050, the research considers nature conservation objec-
tives; this includes the present state of nature protection
as well as the official objectives for 2050, that is, the
“National Strategy on Biodiversity”.32 Potentially, these
objectives could conflict with both the existing and future
RE plants as well as the yet unimplemented requirements
of the Federal Nature Conservation Act. For example, the
rotor blades of wind turbines represent a vertical, mov-
able element that protrudes into the airspace of birds and
bats, resulting in collision casualties. The collision risk
depends on the location, the height of the turbine, the
rotor diameter as well as the number, density and
arrangement of the turbines in the wind farm.43

For the calculation of the individual spatial vulnera-
bility classes (see Table 3), the vector data of the respec-
tive area categories were first transformed into a raster

TABLE 2 Input variables for the scenarios

Expected future technologies:

Wind energy
onshore

• Nominal power: 7.58 MW33

• Rotor diameter: 127 m
• Hub height: 200 m
• Max. sound power level: 108.5 dB(A)
• Safety distance between systems: 508 m
• Shutdown algorithms reduce

environmental impact on bats34

Wind energy
offshore

Expansion of offshore wind energy: 25 GW35

Photovoltaics
on roofs

• Use of 51.8 million existing buildings36

• Extension of 4.9 million buildings by
205037

• Use of the roof surfaces with a deviation of
±90� to the south orientation

• Percentage reduction in yield due to
alignment

• Inclined roof (residential areas): 60% of
the roof area can be used38,39

• Flat roof (industry and commerce): 80% of
the roof area can be used, elevation 10�,
east/west orientation40

• Efficiency 30%40

• Increase of usable facades and sealed
traffic areas by approx. 10%41
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format with a resolution of 50 m × 50 m. We used only
high resolution input data, such as the “Digital Basis
Landscape Model” of the “Authoritative Topographic
Cartographic Information System” (ATKIS Basis-DLM)
from 2018, which has a positional accuracy of ±3 m and

is based on the Topographic Maps 1:10000/1:25000.50

Infrastructure, such as roads or railway lines, were
depicted as lines in the spatial input data and buffered
with average width before transformation into raster.
Noise protection buffer zones were mapped around

TABLE 3 Classification of the landscapes vulnerability concerning the selected wind energy turbine

Vulnerability In 2019 existing land categories

Areas with the potential for nature
conservation according to the
German biodiversity strategy

Very high vulnerability • Surfaces with a slope of ≥30�a

• Settlementsb

• Infrastructureb,c

• Areas with importance for leisure and recreationb

• Water areasb

• National parksd

• Wildlife sanctuariesd

• Natura 2000 network: FFH areas, bird
sanctuariesdBuffer zone around settlement and
infrastructure areas, calculated according to the height
and sound level of the example plant44:

• Residential areas: 750 m
• Industry/Commercial areas: 75 m
• Motorways: 103,5 m45

• Federal roads: 83,5 m45

• Cables: 127 m46

• Routes to BNetzA: 127 m46

• Cable cars: 395,25 m45

• Rail routes: 263,5 m45

• Airports: 5.000 m45

• Green Belt Germany47 (national
monument along the former inner
German border)e

• Military training areas & post-mining
landscapesd

• Wilderness development areas48 g

• Forest development areas48 g

High vulnerability • Ramsar Wetlandsd

• Historical forest locationsf

• Occurrence of sensitive bird species outside protected
areas of category very high plus buffer zonesg

• 200 m buffer zone around national parks, nature
reserves, Natura 2000 areas,

• Biosphere reserves(core areas)d

• Landscape with high visual quality
rating > 54 on a scale of 10031

Medium vulnerability • Landscape conservation areas (German cat.) d

• Deciduous and mixed forests d

• Biosphere reserves (buffer zones and transition
areas)d

• Buffer around recreation areas: 1000 m

• Areas and corridors of national
importance for the biotope
network47 g

• Undissected low-traffic areasd

• Morphological riparian zonese

Low vulnerability remaining areas without significant conservation value:
• Grasslandd

• Arable landd

• Coniferous forestsd

• Landscape with high visual quality
rating < 54 on a scale of 10031

aDigital elevation model (DGM 50): Federal Agency for Cartography and Geodesy (© GeoBasis-DE/BKG 2017).
b“Basis Landscape Model” of the “Authoritative Topographic Cartographic Information System” (ATKIS Basis-DLM): Federal Agency for
Cartography and Geodesy (© GeoBasis-DE/BKG 2018).
cExtension of the lines of the power grid: Federal Network Agency (© BNetzA 2016).
dFederal Office for Nature Conservation (© BfN 2016-2018);
eFederal Office for Nature Conservation.
fCollection of historically old forest sites and important Hude forests in Germany: Federal Office for Nature Conservation (© BfN 2002).
gBased on Atlas of German Breeding Birds and Corine Land Cover 2018 (CLC v18_5_1, EEA), according to Reference 49.
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residential settlements that could be affected by noise
emissions from future wind technology. Furthermore,
the spatial vulnerability classes encompassed existing
protected areas, other valuable ecosystems and habitats
of sensitive species as well as areas with high visual land-
scape quality.31 We also spatially specified future nature
conservation goals related to the German biodiversity
strategy and defined potential areas for nature conserva-
tion until 2050.32 These extended nature reserves include
military training areas, post-mining landscapes and forest
or wilderness development areas that are excluded from
wind park development. Areas with medium vulnerabil-
ity include, for example, undissected low-traffic areas,
morphological riparian zones, areas not strictly protected
in the National Biotope Network or buffer zones and
transition areas of biosphere reserves (see Table 3).

Locations of wind turbines were identified by apply-
ing a fishnet of rectangular cells with a resolution of
508 × 508 m to Germany. Wind turbines were then
located in the center of fishnet cells in areas of the low
spatial vulnerability (scenario “no regret”) and the
medium spatial vulnerability class (scenario “compro-
mise”). The wind turbines were arranged with a safety
distance of four times the rotor diameter (508 m,
Table 2).51

The on-site potential wind energy yield was calcu-
lated based on the average wind speed determined by the
German Meteorological Service. This data depicts the
wind speed at a height of 100 m above ground.52 How-
ever, the wind speed was calculated at hub height of the
wind turbine using the logarithmic wind profile, which
can be taken to calculate the average wind speed at any
given height.22

Logwind profile : v h2ð Þ= v h1ð Þ× lnh2
z0

lnh1
z0

where33 h1 is the Reference height in m, h2 is the new
height in m, v(h1) is the wind speed at reference height in
m/s, v(h2) is the wind speed at new height m/s, hz0 is the
ground roughness in m.

The calculation assumes a ground roughness of
0.10 m. In view of the spatial vulnerability, agricultural
land was considered more suitable for wind turbines than
structurally rich, forested areas or in built-up areas.22,53

The framework for calculating the potential electricity
yield uses the performance curve of the wind turbine54

and the average on-site wind speed. Because the wind
does not blow uniformly throughout, we calculated the
relative distribution of the wind speeds. The relative wind
speed frequency represents how consistently a wind
speed occurs at a location. The relative frequency

distribution was calculated using the Rayleigh distribu-
tion because the German Meteorological Service does not
provide the Weibull parameters for all heights. K is
assumed to be monotonically increasing in most cases.
However, measurements have shown that this extrapola-
tion is only valid to a limited extent.55 From a height of
70-80 m the k-value decreases more strongly, making it
difficult to determine k. Since the form parameter in
Northern Europe is on average 2, we calculated the Ray-
leigh distribution using k = 2, which makes it possible to
approximate the relative frequency distribution.

Rayleigh distribution (ak = 2 and k = 2):22

vð Þ= π

2
×

v
�v2
× exp −

π

4
×
v2

�v2

� �

We used the usable roof areas and irradiation data
(average values) to determine the potential electricity
yield of PV. In addition to the existing buildings, we
included the projected growth by 2050. To determine the
usable roof area, we distinguished between residential
buildings and industrial and commercial buildings. A
saddle roof was assumed for residential buildings and a
flat roof for industrial and commercial buildings.22 How-
ever, not the entire surface of both pitched and flat roofs
can be used for PV, because installations, ventilation
shafts, chimneys or windows reduce the usable area.56

We have assumed that on pitched roofs 60%38,39 and on
flat roofs 80%22 of the surface can be used for modules
with an efficiency of 30% (see Table 2).

The calculation of the usable roof area is based on the
data set “house surrounds.” The house surrounds
describe georeferenced ring polygons of building floor
plans and show the shape, location and extent of build-
ings. For flat roofs, the roof area corresponds to the gro-
und area of the building. For pitched roofs, the roof area
is calculated using the ground area and the pitch angle of
the roof,57 which is between 20� and 50�in Germany.58

For the calculation of pitched roof areas, we assumed an
average roof angle of 35�57 and included the south-facing
half of the roof. We calculated the pitched roof potential
(A) as follows:

A= a× b×
1

2× cosσ

where a is the longer side of the ground plan, b is the
shorter side of the ground plan.

A map of site-related PV production for Germany
(showing kWh per year for the installation of 1 kWp)
served as the basis for calculating the yield of PV on
roofs, considering 30% efficiency and the potentially
usable roof area. The efficiency of the PV systems was
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recalculated to determine the required area for the instal-
lation of 1 kWp, whereby 100% efficiency corresponds to
1 m2/kWp. On the basis of the roof area and information
about the required area of the PV modules for the instal-
lation of 1 kWp, we determined how much kWp capacity
can be installed on a building. Since pitched roofs rarely
have an exact orientation to the south, the potential elec-
tricity yield was reduced depending on the orientation of
the buildings.

Yield calculation for PVon roof areas Yð Þ :
Y = pra×

ur
m

× yr

where pra is the potential roof area, ur is the usable roof
area factor, m is the m2 required for 1 kWp, α is the roof
angle, yr is the yield reduction due to orientation/slope.

The higher deviation from the south orientation was,
the greater the reduction in yield was. For example, 15%
was deducted from the yield calculation of flat roofs
because of the east–west orientation and 10� mounting of
the modules.

In general, it should be added that nationwide only
the used house surrounds are available as spatial data for
the calculation of the potential area for rooftop
PV. Therefore, we derived the assumptions that all house
surrounds outside of industrial areas are covered with
pitched roofs. This assumption in the model holds uncer-
tainties, since flat roofs occur outside of industrial areas
and industrial buildings can have pitched roofs.

3 | RESULTS

The main findings of the study are illustrated in two
exemplary scenarios or snapshots of 2050. The snapshots
clarify what is possible and point out alternative manage-
ment variables.

3.1 | Energy demand in 2050

The projection shows that 1771 TWh/a are required to
meet the German energy demand in 2050 under ambi-
tious assumptions for demand reduction. The demand
includes: 1227 TWh/a electricity (consisting of
818 TWh/a consumption plus an additional 50% of the
electricity demand in order to compensate for storage
and conversion losses) and 229 TWh/a ambient heat for
use in electric heat pumps. In addition, other energy sup-
ply sectors must be decarbonized, for example raw mate-
rials for the chemical industry or fuels for air
transportation. For these non-electrical sectors, a demand

of 315 TWh/a was calculated, of which 60 TWh/a can be
obtained from biogenic residues and waste materials.
Furthermore, the electricity surplus that was calculated
for the scenarios can also be used to meet the demand.
The remaining 255 TWh/a can be produced in Power-
to-X processes (ie, Power-to-Heat, Power-to-Gas, Power-
to-Chemicals). However, the approx. 50% conversion
losses of the Power-to-X may require 510 TWh/a of elec-
tricity in order to meet the 255 TWh/a demand. The
demand for electricity thus increases to around
1737 TWh/a.

The projected total energy demand can be compared
to the results of other studies that also simulate the Ger-
man energy system for the year 2050.59-61 They all
assume a reduction in energy demand to around half of
today's consumption, even though electricity demand will
increase. This would require implementing intensive
energy efficiency measures.

3.2 | Area potentials in 2050

In order to determine the area potentials for wind energy
in the “no regret” scenario, the land area of Germany
was classified into four classes that reflect the different
levels of vulnerability of nature and human wellbeing to
an exemplary standard wind turbine 2050 and its projec-
ted mechanical, visual and acoustic impact on the envi-
ronment (see Figure 1).

The areas of the low vulnerability class cover a total
of 5320 km2 and thus represent 1.5% of Germany's land
area (Figure 1). The areas of the medium vulnerability
class cover 8303 km2, which represents 2.3% of the land
area in Germany. The respective areas can be used for
the production of wind power after a case-by-case exami-
nation of the local conditions. Thus, in areas with low or
medium vulnerability the installation of wind turbines is,
in principle, possible without causing unsolvable con-
flicts. For the PV potential, we calculated the possible
energy yield using data about building perimeters. The
potentially usable area of the pitched roofs comprises
2005 km2 and 282 km2 of the flat roofs are potentially
usable for the installation of PV modules.

3.3 | Energy potential in the scenarios

In the first scenario “no regret,” the calculation of the
potential electricity yields included only areas with low
vulnerability. Thus, on 5320 km2 of land approximately
310 TWh/a electricity from onshore wind power can be
produced. In addition, 900 TWh/a of solar power could
be produced on the potential area of approximately
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3000 km2 of rooftops, facades and sealed traffic areas in
Germany. Thus, a human- and nature-compatible total
electricity yield potential of approx. 1 Wh/a can be pro-
duced sustainably. This would exceed the projected elec-
tricity demand in the target year 2050. PV electricity
accounts for the largest share of the electricity mix at 64%
(see Figure 2 and Table 4). We assume that this potential
would even increase if spatial data were available nation-
wide to depict roof types. With a raise in the share of flat
roofs, the potentially usable area would increase and thus
the electricity yields. These uncertainties are integrated
in the bar chart (Figure 2) by a “phasing out” of yields.
The electricity potential from onshore wind turbines has
a share of 22%. Furthermore, we assumed 8% from off-
shore wind energy on the basis of present production as
well as current contribution from hydropower and geo-
thermal power.

In a second scenario “compromise”, the areas with
medium vulnerability to nature and human wellbeing
were included in the calculation (an additional
8303 km2). The production area for solar power remains
unchanged. Under these assumptions, the potential elec-
tricity yield increases to nearly 1900 TWh/a (see Table 4).

Our model results show that the suitable area would
be sufficient to cover the electricity demand of

818 TWh/a (+409 TWh/a electricity storage) in the year
2050 (see Figure 2). A surplus of 181 TWh/a (scenario
“no regret”) up to 664 TWh/a (scenario “compromise”)
of electricity could be produced. This surplus can cover
the projected demand for non-electric uses, which adds
up to 510 TWh/a including 50% conversion losses. Addi-
tionally, about 60 TWh/a would be available from resid-
ual organic substances as an energy source for non-
electric demand.

The land use for wind power plants is about 1.5% of
Germany's land area in scenario “no regret” and 3.8% in
scenario “compromise.”

The scenarios' assumptions still do not encompass all
of the options to reduce or satisfy the energy demand in
2050 (see Figure 3). The potentials that have been
excluded are: solar parks outside urban areas, a supple-
mentary potential of off-shore wind and geothermal
energy. Other factors not yet considered include changes
in lifestyle, for example, in mobility, as well as using
innovative technology that are still being tested, for
example, technologies to avoid bird collisions or techno-
logical development in the field of energy efficiency. Fur-
thermore, the import of sustainably generated energy
from other countries was not considered in the defined
limits of the scenarios. However, these unconsidered

FIGURE 1 Vulnerability of the German territory to the standard wind power plant 2050 and potential area for the nature and human

compatible production of wind power in Germany using strict nature conservation criteria and the standard power plant 2050 (Nominal

power: 7.58 MW, hub height: 200 m, rotor diameter: 127 m, Sound power level: 108.5 dB[A]) [Colour figure can be viewed at

wileyonlinelibrary.com]
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potentials can be seen as a “reserve” for the calculation
of further scenarios. These untapped potentials for RE
saving and generation also provide fall-back options.
These options can be considered if poor implementation
does not achieve the smart trajectory of the calculated

scenarios or to provide public participation with addi-
tional options.

For political management of the energy transition,
the model offers a flexible tool that brings demand and
supply in line and helps to identify the necessary political
action (Figure 3). If monitoring shows that implementa-
tion fails in one field then other variables can be intro-
duced. For example, when the targets for site related
energy generation are not achieved then demand can be
decreased or other generation potentials can be activated.
Furthermore, the model provides the information basis
for defining local priorities that consider the trade-offs
between impact on nature and energy yield. For instance,
if areas that have medium vulnerability but very high
potential electricity yields could be prioritized, then the
overall space required for the energy transition would be
minimized.

In summary, the study shows that human and nature
compatible energy supply from 100% renewables are pos-
sible in 2050. The expansion of RE can be achieved when
there is an optimal allocation of energy generation plants
that follows the assumed, strict and very ambitious goals
for landscape conservation and noise protection. Reserve
potentials provide additional options for implementation,
uncertainties and public participation.

FIGURE 2 Comparison between the potential to generate electricity in 2050 in a way compatible to nature and humans and a

projected electricity demand under ambitious assumptions about electrification and energy efficiency [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 4 Overview of the electricity yield potentials of the

energy sources considered for Germany in 2050

Energy
source

potential electricity
yield in scenario
“no regret”

potential
electricity yield in
scenario
“compromise”

Wind energy
offshore

113 TWh/a 113 TWh/a

Wind energy
onshore

309 TWh/a 792 TWh/a

Photovoltaics
on roofs

912 TWh/a 912 TWh/a

Hydropower 24 TWh/a 24 TWh/a

Geothermics 50 TWh/a 50 TWh/a

Total potential
electricity
yield

1408 TWh/a 1891 TWh/a
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4 | DISCUSSION

The scenarios show that, in Germany, an energy transi-
tion to 100% renewable energies can meet the projected
energy demand in 2050, without compromising the goals
of nature conservation and impacting human wellbeing.
The model considers transmission and conversion losses
during electricity storage. Furthermore, the scenarios
include ambitious assumptions concerning the energy
demand until 2050 as well as an additional reduction of
energy demands through new technologies. However, the
assumptions remain quite schematic in the first applica-
tion of the model because it does not use local variations
of wind and solar technology. Electrical engineers guided
our assumptions about future development of the RE
plants. Therefore, both the energy yield of the individual
plant types and the total area used are different from cur-
rent practice. The very ambitious target assumptions for
the year 2050 help to articulate political options for
action, without previously considering their political
feasibility.

Although the implementation of the modeled scenar-
ios requires determined political action, it would be a
crucial step toward fulfilling the obligations of the Paris
agreement without compromising biodiversity conserva-
tion or human wellbeing.

Some assumptions have been defined and
implemented in the two scenarios. Others, such as the
identified “reserves” (Figure 3), offer flexibility in further
scenarios to react to changes in realization, while still

bringing demand and supply into line. For example,
although life style changes are variable, they should be
included in the estimation of the renewable energy
demand assigned to mobility (see Table 2). Similarly,
energy supply could be achieved by using wind-only in
areas that are not built-up, as shown in the scenario
example, or by including ground mounted PV in rural
areas. Our model shows the spatial changes that occur
when assumptions are altered. Changes can lead to larger
or smaller restricted areas for onshore wind. This, in
turn, would change the yields from renewables.

In order to use the model to define the leeway for
locally specified energy targets, a more detailed explora-
tion of the model's uncertainties is necessary. The posi-
tion accuracy and actuality of spatial input data is
decisive for the reduction of uncertainties. For this rea-
son, we used the “Basis Landscape Model” of the
“Authoritative Topographic Cartographic Information
System” (ATKIS Basis-DLM) for the display of infrastruc-
tures, settlements, agricultural land and forests. It is the
land cover model with the highest positional accuracy in
Germany; unfortunately, it is only available free of
charge to research projects. The modeling assumptions
include another source of uncertainties, which for exam-
ple, stem from the assumption that all residential build-
ings have saddle roofs and all industrial and commercial
buildings are covered by flat roofs. Furthermore, this
input data could be improved. For instance, potentially
3D building models62,63 could be used to specify actually
usable roof area and facade potential. Much harder to

FIGURE 3 Variables of calculating energy demand and supply in RE100: Change of variables leads to different energy demands or

yields, thus supporting decision makers in choosing the transition path without losing sight of the goal. Blue = energy demand,

green = potential energy supply [Colour figure can be viewed at wileyonlinelibrary.com]
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quantify are the uncertainties related to the projection of
the demand (demographic development or willingness to
introduce new technologies).

In contrast to the ambitious assumptions of the sce-
narios, the present reality of energy governance in Ger-
many is quite different. The established energy
production paths and instruments are not yet sufficient
to meet the challenges of a human- and nature-friendly
energy supply.

Overall, the energy transition is stagnating in Ger-
many, which has long considered itself a pioneer of
energy transition. In the Annual Energy Transition
Index, a worldwide ranking of the World Economic
Forum64 Germany has dropped to 20th place. Currently,
a vast majority of the German population supports the
energy transition process.23,65 The “Social Sustainability
Barometer of Energy system transformation” found that
an average of 79% of interviewees view energy system
transformation as a joint task to which everyone in soci-
ety should contribute.65 However, only 19% of those sur-
veyed are “strongly in favor” of onshore wind energy,
and a further 28% are “in favor” of it. However, 36% of
the respondents supported the expansion of offshore
wind energy.

This attitude is also evident in the implementation of
the energy transition on the local level. In 2019, wind
energy registered its lowest growth rate in more than
20 years. The newly installed plant capacity was 77%
below the average new plant capacity of the previous five
years.66 The reasons for the slow expansion are diverse.
In addition to the complex legal and economic frame-
work conditions, citizen protests are becoming increas-
ingly frequent, making it difficult to realize the energy
potential. The conflicts arise on many levels: between the
population and the decision-makers, but also within the
community between those who benefit from the energy
transition and the supposedly disadvantaged. The deci-
sive factor for acceptance of energy system transforma-
tion seems to be the personal attitudes and participation
options of individuals.67

In many cases the overall goals of the energy system
transition remain unclear, which makes the concrete
implementation of energy projects at the local level more
difficult.68,69 As a result, the potential human and nature-
compatible areas of the “no regret” scenario cannot be
implemented without discussion and participatory
processes.

In this context, the model can be used as a basis for
public participation on the regional or local level
when tailor-made targets for minimum RE generation
are defined for individual political units. Such quanti-
tative energy targets for local or regional political
units, which in sum equal the national target, would

enable flexible allocation and selection of energy
mixes at the local level and avoid “not in my back-
yard” attitudes that jeopardize national targets. The
definition of such energy targets would be based on
the same national criteria and would clarify local
responsibilities for the overall energy transition. At
the same time, decision makers and citizens would be
able to define their own implementation pathway
within the context of the national target. Additionally,
the model can help monitor how well regions achieve
the national targets. Finally, the energy “reserves”
offer additional options for an appropriate integration
of local or regional preferences through local policies
and public participation.

The changes to legislation and incentives that are
required to make a difference are not extensive, but they
are politically sensitive. Energy transition requires ambi-
tious political frameworks that can be used to plan the
energy system and the rapid implementation of energy
technology innovations. This requires research about
suitable combinations of legal, economic and communi-
cative strategies and instruments.

A successful energy transition is also dependent on
research and solutions from engineering science. For
example, new developments in energy storage and grid
expansion are immensely important. Future research can
build on our approach by using spatial data to expand
the possible applications of technical projections. Our
scenarios are the first steps for the integrative modeling
of energy systems that incorporate the spatial distribution
of RE potentials as well as modeling consequences for
grids and storage. The results of the study could also be
used to calculate the cost of the transformation and to
simulate transformation processes over time.

5 | CONCLUSIONS

Our study has demonstrated that conflicts between the
goals of the transition to energy supply through renew-
ables and the protection of humans and nature from
impairments can be solved by intelligently allocating
energy generation plants. Spatial modeling has proven to
be a suitable approach to integrate both interests. Local
targets for energy generation can be derived from the
model and should, in sum total, achieve the national tar-
get. As long as targets for local energy saving and genera-
tion can be met, then local decision makers have
flexibility concerning the RE mix and spatial allocation.
Consequently, acceptance by the local population and
decision making can be fostered without jeopardizing
national targets through local “not in my backyard”
attitudes.
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Finally, the model offers a flexible tool to bring
demand and supply in line and to deduce the necessary
political action at the national scale. If monitoring shows
that implementation fails to decrease demand or increase
RE generation in one option, then other variables can be
introduced. The model helps decision makers to recog-
nize which alternative management variables are at their
disposal.

Further research work should thus focus in particular
on analyzing different approaches of implementing the
energy transition at local level.

The specific results of the scenarios cannot be directly
transferred to other countries. However, the basic
approach could be applied elsewhere, as the model can
use country specific data. Nevertheless, further research
is necessary in order to adapt the model to the specific
data and implementation situation of different countries.
Working out such concepts for all countries with RE sur-
plus for export, will for instance avoid eco-dumping in a
globalized market for hydrogen.

Germany is a densely populated country where differ-
ent land uses are competing for the same land area.
Therefore, the overall results are especially encouraging
and informative for countries with similar pressures,
where the approach can be instrumental for designing a
sustainable energy policy.
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