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Abstract

Background: The energy transition in Germany is characterized by a rapid growth of renewable energy and
infrastructure. In order to reduce the impact of humans on the climate system, a more ambitious development of
renewable energies is needed. In addition, nature and natural resources must be protected. At the same time, the
increasing use of renewable energies leads to impacts on nature conservation aspects, in particular on landscapes,
species, and habitats. Therefore, renewable energy systems also affect the protection of biodiversity. Conflicting
objectives between the need for renewable energies and their impact on nature and landscape have to be considered
equally and as early as possible.

Methods: The article follows an interdisciplinary approach that combines an administrative with a research perspective.
First, the energy transition as a national transformation process and challenges due to the expansion of renewable
energies with regard to nature conservation and landscape management are presented. The analysis of existing literature
identifies key factors for a sustainable energy transition such as land availability, landscapes, and impacts on species and
habitats. Examining the most affected nature conservation aspects from an administrative perspective, we highlight
selected research projects, derive future research demand, and discuss possible approaches to enhance the integration
of nature conservation into the energy transition.

Results: In addition to the need for climate protection efforts, the energy transition further has to preserve biological
diversity, as well as characteristic features and the beauty of nature and landscape. Numerous energy transition
stakeholders face the challenge of integrating nature conservation and landscape management requirements into
research projects, strategic planning, and approval procedures. Based on the dynamic development of renewable
energies in Germany and the objectives of nature conservation, we describe key challenges and identify future research
demands from an administrative and scientific point of view. Current research projects, the impacts of renewable energy
generation, and existing approaches to minimize negative effects on nature and landscape are taken into account.

Conclusions: We conclude that nature conservation aspects in general (biodiversity and landscape) have to be better
integrated in the energy transition. Therefore, research, technology development and preference, civil participation, a
critical discussion, and academic debate are essential elements for a nature-compatible expansion of renewable energies.

Keywords: Nature conservation, Energy transition, Landscape, Energy landscapes, Landscape transformation, Renewable
energy
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Background
The energy transition as a national transformation
process with respect to nature conservation and
landscape management
Landscapes have been constantly changing by anthropo-
genic influences. However, the pace of changes increased
in the past few years, partly because of the energy transi-
tion in Germany. Large agricultural areas were transformed
into energy landscapes by new energy infrastructures like
wind turbines [1]. There are several reasons for accelerat-
ing the transition to a more sustainable energy system by
the development of renewable energy (RE): (1) the need for
climate change protection due to ongoing climate change,
(2) the limited availability of fossil fuels, and (3)—especially
for Germany—the phase-out of nuclear energy by 2022.
The German energy transition goals were declared in 2010
in the energy concept [2] and were specified for the electri-
city sector in the German Renewable Energy Act (EEG)
[3]. The EEG serves as the legislative basis to reach the RE
goals of 5 to 60% by 2035 and at least 80% by 2050. This
resulted in a considerable infrastructure and area demand
and hence caused considerable changes in the landscape.
The energy transition will continue to have impacts on
nature conservation concerns in the future. On the other
hand, Germany has to apply national and international
legislation and has to take agreements into account, for
example the Convention on Biological Diversity [4].
Against the background of the ambitious national RE

goals, the transformation process of the German energy
transition just started. In 2018, a share of only 16.6% of gross
final energy consumption was met by energy produced from
renewable energy sources (RES) [5] in Germany. Therefore,
it is necessary to be aware of the future challenges that in-
clude the conservation of biodiversity and social challenges
such as energy consumption and the acceptance of renew-
able energies. Climate change has a direct impact on bio-
diversity and requires enhanced protection of the natural
environment [6]. From a specific nature conservation point
of view, potential changes of the landscape and negative ef-
fects on species and habitats by RE need to be incorporated
in order to minimize negative impacts.
Today, the provision of RE in Germany focuses primarily

on wind turbines, photovoltaics (PV), and biomass plants
[5]. These technologies need to be evaluated in the context
of their respective impacts on nature and landscape, their
spatial needs, and possible future relevance. RE within the
electricity sector are the current main drivers of the energy
transition. In 2018, RE provided 37.8% of the gross electri-
city consumption with a strong development in the past
decade [5]. The role of electricity as a source of energy will
further increase, especially in regard to the rising relevance
of sector coupling [7]. Without a drastic reduction of
energy consumption, a sustainable development of RE in
compliance with nature conservation cannot be realized

[6]. Achieving the overall energy transition and low carbon
future goals may represent further challenges for nature
conservation and its governance, regulation, and research
demands.
Many negative impacts on the landscape and nature

conservation aspects arise because of the increasing use
of RE technologies characterized by a high land demand.
Therefore, the article discusses the main technologies
wind energy, PV, and biogas, which are currently in the
focus of political discussion.
Within the electricity sector today, wind energy is the

largest RES in Germany [5]. The number of wind turbines
tripled between 2000 (9359 units) and 2018 (29,213 units)
[8]. With around one-tenth of the wind turbines installed
worldwide [9], Germany has a high density of wind tur-
bines compared to other countries, despite its compara-
tively small size. As an example, Fig. 1 visualizes landscapes
in Germany facing major landscape transformation since
1996. These regions are characterized by a relatively high
density of RE. In particular in the northern parts of
Germany, landscapes have changed rapidly as a result of
the expansion of wind power plants. In some regions with
low population density, extensive agricultural landscapes
and good wind conditions, large wind farms already dom-
inate the landscape. This applies especially to large parts of
Lower Saxony, Schleswig-Holstein, Saxony-Anhalt, Bran-
denburg, and Mecklenburg Western Pomerania (Fig. 1).
The energy transition is not finished yet; therefore, the
landscape changes will intensify in the future.
In contrast, electricity supply from biomass, mainly

biogas, is primarily focused in the northwestern and
southern parts of Germany [10–12]. In addition to the
construction of biogas plants, landscape changes in these
regions can be explained by the extended cultivation of
monocultures such as corn along with negative side ef-
fects like loss of grassland. In 2018, a total of 1.35 mil-
lion hectares of substrates were specifically cultivated for
biogas production, which represents about 12% of the
arable land in Germany [13].
Except for isolated, but large-scale solar farms in the

southeast of Brandenburg, the highest concentration of PV
systems with respect to landscape changes can be found in
southwestern Germany (see Fig. 1). According to [14] the
different types of PV systems, like PV roof-mounted sys-
tems or solar farms on agricultural land or along transport
infrastructure can be explained by the relevant regulatory
framework and changing restrictions. From a nature con-
servation perspective, it is important to save as much open
space as possible. The development in Germany was differ-
ent (see Table 1). The total installed PV capacity increased
from about 2.9 GW (2.2 TWh) in 2006 to more than 45
GW (44.8 TWh) in 2018. In the same period, the share of
less favorable solar farms increased from 5.4 to 27.8%. It
cannot be ruled out that solar farms are built on ecological
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sensitive agricultural land. The need for governance is ob-
vious. Restrictions, especially regarding spatial categories
exempt from financial funding, were gradually imple-
mented by subsequent versions of the EEG [14, 15]. In
addition, it is essential to promote PV roof systems more
than solar farms on agricultural land.
Another aspect related to the energy transition, espe-

cially within the electricity system, is transport of electri-
city. The need for more overhead power lines may have
increasing impacts on landscapes and nature conserva-
tion aspects as well [16].
It can be summarized that landscape change in

Germany and the respective impairment of the visual ap-
pearance and recreational function is not only local or
site-specific, but a regional and large-scale phenomenon.
Combining local information about different RE, it is
possible to identify energy landscapes (e.g., wind energy
or bioenergy dominated landscape, Fig. 1). Energy land-
scapes were even proposed as a new category of cultural
landscape type [1].
Besides land demand and landscape changes, a wide

range of further impacts and potential conflicts with nat-
ural dynamics of ecosystems or biodiversity occur for
different RE types [6, 17, 18]. Major conflicts, especially
for wind energy and bioenergy, arise from effects on
habitats and species. The movements of the rotor blades
of a wind turbine can lead to species disturbances,

barrier effects, and collisions of birds and bats. On the
one hand, the need for substrate cultivation, in particular
corn, for bioenergy production leads to direct impacts
such as land use change or habitat loss. Secondly, indir-
ect effects like a subsequent loss of biodiversity [19] can
occur by changes in cropping or harvesting intensity.
Land is a scarce resource and RE like PV, can have a
negative impact on habitats by using large areas of grass-
land [19]. Other technologies like hydropower or geo-
thermal energy may also adversely affect nature
conservation. But due to the small share in renewable
gross electricity consumption (total of around 8% in
2018 [5]) and limited potentials, we exclude these tech-
nologies from further examination in this article.

Nature conservation and renewable energies
The energy transition and the related structural changes
of our economic and energy system are necessary and will
have effects on humans, nature, and landscape. For a low
carbon future, an ambitious development of RE is neces-
sary. This should be realized as sustainable as possible,
both in terms of its basic orientation (e.g., technology pref-
erence, sectoral energy goals) but also of its implementa-
tion. Germany, as part of the international community,
has made a commitment to reduce anthropogenic inter-
ference with the climate system [20]. At the same time it
has set ambitious targets to protect biodiversity and thus
secure the foundations for human and natural life [4, 21,
22]. A sustainable energy transition therefore needs to
consider all target dimensions of the German energy
concept such as security of supply, economic viability, and
an effective protection of the environment and climate [2].
So the environment, environmental compatibility, and the
preservation of biodiversity need to be considered ad-
equately within the energy transition [6].

Fig. 1 Landscapes in Germany with high (pink) and very high (purple) landscape transformation since 1996 induced by plant installations and
land demand of different renewable energy sources (adapted from [10])

Table 1 Evolution of PV installations, PV electricity production,
and solar farms in Germany (based on [14])

2006 2009 2012 2018

PV capacity installed [MW] 2864 10,545 32,964 45,327

Electricity production [TWh] 2.2 6.6 26.2 44.8

PV capacity of solar farms [MW] 155 1324 8368 12,618

Share of solar farms [%] 5.4 12.6 25.4 27.8
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The achievement of a nature-compatible energy transi-
tion is a major objective of the BfN [6]. Among other tasks,
BfN is responsible for science-based policy consultation
and the implementation of RE research with respect to na-
ture conservation to gain knowledge for policy, federal
states, users, and for the general public. BfN aggregates re-
search results, develops further research questions, and
transfers results into political options for action [23]. This
insight into administrative and political perspectives of a
nature-compatible energy transition is one of the mo-
tivations of the authors to highlight and exemplarily
discuss this complex topic for selected RE technolo-
gies and thematic fields.
The results of the article derived from the selected

conflicts and RE examples from the literature could be
transferred to other high population density countries.
In this regard, the article does not claim to be exhaustive
in all aspects of nature conservation and the develop-
ment of RE and their relations. Rather, it provides a
comprehensive overview of selected topics as a starting
point for discussion and better integration of nature and
landscape conservation into energy transition efforts and
research programs.

Approach and structure of the article
Based on the conflicts of RE development with regard to
nature conservation [19], this article presents the chal-
lenges resulting from a literature review. The central chal-
lenges of land availability, landscape, and consequences for
species and habitats are analyzed for selected RE technolo-
gies. We discuss the tension between administrative and
specific research perspectives for current research projects
and their results as well as future research questions. Based
on the discussion, we suggest possible approaches to en-
hance the integration of nature conservation into the en-
ergy transition. The results and suggested approaches
represent only a part of the solution. Since the authors
work at a federal agency (BfN) as one of the many nature
conservation stakeholders, the article also reflects the per-
spective of a political actor, but nevertheless outlines a
combination of literature and science with a governmental
and policy consultation point of view.

Results
Current and future challenges between nature
conservation and renewable energy development
The worldwide promotion of renewable energies for a
low-carbon future resulted in enormous increases in effi-
ciency and cost reductions, which led to a large increase
in decentralized RE plants in Germany. On the one
hand, there is a need for a dynamic development of RE,
but on the other hand, several challenges for nature and
landscape conservation occurred over the years [6, 19].

Besides species and habitats, landscapes are legally
protected according to §1 of the German Federal Nature
Conservation Act (BNatSchG) [24] in their diversity,
character, beauty, and recreational value. The transform-
ation of the landscape by RE infrastructure reveals con-
flicts to these protected goods. Despite the fact of a
fundamental acceptance of the energy transition [22, 25,
26], there are acceptance problems among the general
public and local residents [27], most likely as a result of
landscape changes [12]. Internationally, Germany is a
relatively small and densely populated country. Available
land is limited and an important resource for various
interest groups. RE, despite their advantages, have a rela-
tively high land demand for the same energy output
compared to fossil or nuclear systems [28, 29]. Large
central power plants need to be replaced gradually by a
large number of decentral RE systems. This results in
the energy transition becoming more visible within the
landscape. In contrast to open pit mining, this does not
necessarily result in permanent landscape change due to
the limited operation time of RE technologies of around
20 years and the possibility for the removal of infrastruc-
ture. Besides the ecological dimensions, a further chal-
lenging issue is the very individual and subjective
perception of landscape [30]. The human-induced trans-
formation of the landscape leads to various challenges.
These include the region-specific definition of historical
cultural landscapes, their weighting in spatial planning,
and the evaluation of existing data. People are affected
by changes in familiar scenery and their home. RE plants
invade the private environments, along with measurable
changes in aesthetic quality and value of landscapes.
The impact of RE on landscapes can lead to a monoton-

ous or fundamental change in the known landscape.
There is also a risk that the protected goods’ diversity,
uniqueness, and beauty of nature and landscape [24] will
be impaired by the dominance of new infrastructures such
as wind turbines. Legal regulations often challenge the
planning authorities in the valid assessment of landscape
because the terms first have to be defined region-specific
in order to carry out a landscape assessment [31]. This im-
plies that the energy transition and the creation of energy
landscapes need to be communicated and organized at an
early stage in cooperation between politicians, planners,
the competent authorities, and residents.
Landscape change represents one of many conflicts.

The restricted availability of area is an emerging concern
[32]. Various nationwide studies [33–35] calculate tech-
nical potentials, especially for wind energy. According to
these studies, Germany still has development potential
of up to 13.8% of the of the country’s territory [33]. Con-
sidering more nature conservation restrictions like dif-
ferent types of nature conservation areas and protected
goods, low conflict area potentials are calculated with
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less than 2% [34] of the country’s territory. On the other
hand, no specific area target or locations for RE are yet
determined on the national level. Some federal states de-
fined their own energy or land area targets for wind en-
ergy development (e.g., about 2% of the federal state
area of Hessia) which are usually a subject of regional
planning. These special designated areas for wind energy
development currently cover only 0.9% [36] of the na-
tional territory, while having large landscape effects. The
current development and speed of target achievement
are also very different among the federal states due to
environmental inventories and overall regulations. Na-
ture conservation is regulated by the individual federal
states, which also leads to the situation that the conflicts
and handling of nature conservation and landscape is-
sues vary between the federal states. For example, the re-
gional planning for specific wind energy zones or
priority areas is subject to varying regulations in each
federal state in Germany [37]. The complexity of the dif-
ferent rules in the federal system complicates finding
common, nationwide solutions.
In contrast to area demand and landscape conserva-

tion issues, one of the crucial topics of RE development
today, especially for the project developers and planning
and approving authorities, is species protection. The
handling of bird and bat collision risks within the con-
text of wind energy projects is an ongoing challenge for
example in approval procedures but also legal proceed-
ings. BfN as a federal authority supports a nature-
compatible RE development by funding research projects
and transferring the results into political options for ac-
tion and manageable solutions [23].
In order to get an idea of nature conservation chal-

lenges, possible solutions and especially future landscape
needs, we have analyzed scenario studies. Numerous
studies with various energy scenarios until the year 2050
[38–40] were carried out to support energy transition
decisions. The studies are characterized by different

assumptions and used models and focus on different ob-
jectives like climate change mitigation, RE development,
sector coupling, nuclear phase-out, fossil fuel (coal)
phase-out, or nature conservation. Table 2 shows ex-
cerpts of four scenarios compared to the status quo
(2018). Depending on the scenario, the energy demand
in 2050 is between 1211 TWh (scenario C) and 1864
TWh (scenario D). The energy demand is always as-
sumed to be lower than today (2018, 2578 TWh). The
importance of gross electricity consumption differs be-
tween about 440 TWh (scenario A) to 1139 TWh (sce-
nario D). Most scenarios result in PV and wind energy
as the main RE, while scenario A determined biomass
and wind energy. Scenarios can provide orientation on
future technology preferences and assess potential con-
sequences. Scenario D [29] is oriented to a nature-
compatible development. A large number of PV roof
systems and the higher electricity consumption because
of increasing electrification represent the difference to
the other scenarios and the status quo. Decision makers
need to be aware of the different options, but also the
restrictions. For example, commercial decision criteria
were not included in all studies.
Based on the selected scenarios (Table 2) and the Ger-

man expansion targets for renewable energies [2], a fu-
ture increase in the number of installations, especially
PV and wind power plants, is expected. Stronger effects
of these technologies on nature conservation and land-
scapes need to be anticipated as early as possible.

Specific fields of interest—ongoing research and research
demand
Some overall objectives that are currently of special rele-
vance in nature conservation and RE expansion are na-
ture and landscape themselves, as well as the availability
of nature-compatible area for RE development, and
monitoring. These objectives are not only the basis of
ongoing research and future research demand but also

Table 2 Overview of key parameters of different energy scenarios for Germany for 2050 in comparison with status quo (own
representation based on the study results)

Scenario Source/study
year

Reference
year

End energy
demand [TWh]

Share of renewable energy
in end energy demand [%]

Gross electricity
consumption [TWh]

Main RE (in gross
electricity generation)

Status quo [5] 2018 2572 16.6 600.9 1. wind
2. PV

“Scenario A” (original title: IA) [41]/2010 2050 1451 59.6 440.6 1. biomass
2. wind

“Scenario B” (original title: 2011C) [42]/2012 2050 1416 59.1 534 1. wind
2. PV

“Scenario C”(original title: KS 95) [43]/2015 2050 1211 96.4 779 1. wind
2. PV

“Scenario D” (original title: II) [29]/2018 2050 1362(1) to
1864(2)

100(3) 818 to 1139 1. PV
2. wind

(1)based on “very ambitious” energy demand reduction assumptions, (2) based on “ambitious” energy demand reduction assumptions, (3) target scenario: The study
compares energy demand with the goal of providing 100% by RE
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represent key topics of the work of the BfN through pro-
viding a link between nature conservation needs and a
nature-compatible RE development.
Given the status quo of RE, knowledge of potential

negative effects and probable future RE development,
there are of course questions to be answered, such as
how to measure and monitor the effects of RE on nature
and landscape, which trends will have the largest influ-
ence, or which species protection or control measures
need to be implemented. These overall objectives and
basic research needs lead to the following key topics of
nature conservation especially in relation to the develop-
ment of renewables [44]:

� Landscapes and renewable energies,
� Effects on natural environments and habitats,
� Species protection,
� Description of management approaches, and
� An adequate investigation and monitoring of the

positive and negative effects on nature and
landscape in detail.

The research projects at the BfN [6, 44] address large
parts of these key topics. The spatial impacts of RE and the
scarcity of conflict-free area especially in Germany is obvi-
ous. Therefore, the prospective RE mix should pursue the
expansion of PV (especially on built-up areas), as well as
wind energy, while continuing the development of highly
efficient and sustainable technologies. Due to limited
nature-compatible areas, it is also crucial to focus further
construction on technologies with high space efficiency.
Additionally, technical developments can be expected, es-
pecially for PV and wind energy. Significant efficiency gains
are possible for PV [14], resulting in further nature-
compatible applications at existing urban or transport in-
frastructures. In addition to support and development of
roof-mounted PV systems, there are new future prospects
such as PV integration in building facades or even in traffic
routes. From a nature conservation perspective, these solu-
tions are conflict-free since they do not have to be located
in the open landscape and thus relieve the “free” landscape.
The tasks and objectives of nature conservation and

landscape management are specified for the respective
planning area by landscape planning. A main task of
preventive landscape planning is the qualified examin-
ation of landscapes and cultural landscapes. In addition,
landscape planning provides important information for a
landscape-friendly and sustainable RE expansion. For ex-
ample, a nationwide landscape evaluation method [45]
was developed, which can be used to evaluate landscapes
and landscape features at a regional level. So far, this na-
tionwide assessment provides only a basis for a region-
specific landscape assessment considering the need for
individual scaling. To guarantee a nature-compatible

integration of RE into the landscape, a detailed land-
scape assessment and planning are required. In this
landscape context, the following fields of action are rec-
ommended [31]:

� Consideration of cultural landscapes and landscapes
by qualification of landscape master plans and
landscape plans,

� Inclusion of comprehensive energy concepts in
regional plans,

� Development of a landscape contribution to energy
concepts.

Within the planning process, effects of site selection and
approval procedures on nature conservation aspects are
partly addressed, such as the definition of certain
standards (like landscape assessment). The different
science-based approaches including nature conservation
(e.g., sensitivity of species, field survey methods, and evalu-
ation standards) need to be developed or consequently
improved by using better input data. New research results
have to be integrated into existing guidelines, but also
have to be harmonized between the federal states.
It is important to provide a solid data pool by monitoring

negative effects. Ideally, nationwide data for RE installations
and the relevant protected goods will be made available. As
a starting point for minimizing negative impacts, a GIS
compilation of RE plants in Germany is already available
[46]. In our view, transdisciplinary approaches (ecology,
technology, social sciences) are necessary to adequately ad-
dress the complex impacts on nature and landscape.
On such a monitoring basis, the improvement of nature-

compatible guidance documents and appropriate instru-
ments, like planning and improving standards for species
protection will be feasible. To manage nature conservation
challenges, a wide range of approaches already exist. For ex-
ample, the implementation of suitable regional planning
methods enables the avoidance of sensitive habitats or re-
gions (like protected areas). In addition to regional plan-
ning, more specific species protection demands need to be
handled within approval procedures. For example,
collision-sensitive species like the Red Kite [Milvus milvus]
need to be adequately considered [47–49]. Especially for
species protection, it is important to continuously include
the latest scientific findings in guidelines or decrees and ap-
proval procedures. Good approaches can already be found,
like the widely implemented distance recommendations to
collision-sensitive species [48] or the definition of major
frequency areas of the Red Kite. For example, major fre-
quency areas were defined for Saxony-Anhalt [50] and were
applied in the official guidance document for species pro-
tection [51]. Minimizing collision risks of birds and bats by
developing and applying effective evidence-based mitigation
measures [52] need to be further pursued.
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The following chapters represent some more detailed
aspects of three key research topics and projects [44]:
Visible landscapes, Scenarios, and Monitoring.

Visible landscape
The energy transition, especially the expansion of wind tur-
bines, solar farms, and biogas plants, is reflected within
landscapes and cause modifications—of different scale—to
the traditional landscape organization and image. In par-
ticular, biomass production and the associated large-scale
cultivation of maize and rape lead to a monotonous visual
landscape. By considering the landscape-aesthetic conse-
quences of the energy transition and its current handling in
planning and approval procedures, proposals and recom-
mendations have been developed to further elaborate com-
mon landscape assessment methods [31]. At the same time,
these should take account of the fact, that the perception of
landscapes and landscape changes take place individually
and very differently. Often landscape arguments are used
implicitly within campaigns against wind energy projects
[53]. Against this background, the subject of a research pro-
ject [12], for example, was to consider the possibilities of a
participatory form of landscape aesthetic evaluations in par-
ticular and of planning procedures in general.
Other research projects [54, 55], which provide a

methodological approach to GIS-based landscape image
assessment, achieve similar results. Validating the devel-
oped model by using nationwide data enables an opti-
mized future planning by including the landscape and
achieves a higher acceptance by society [55]. More
methodological approaches and recommendations are
principally available to take landscapes into account for
example within planning procedures [56, 57] or as tools
for landscape assessment [45]. These different ap-
proaches as part of an overlay may help to better consid-
ering the quality and value of landscapes. This approach
still needs to be validated before concrete practical re-
sults can be achieved.

Monitoring
The measurement of nature conservation issues, for ex-
ample, national impacts of RE on habitats, species, or
landscapes is a challenging task due existing knowledge
and data gaps. For example, it has been shown that birds
[58, 59] and bats [60] collide with rotor blades of wind
turbines. However, it is not clear, what effects these local
collisions may have on regional or national species popu-
lations. Besides investigating best practices, a better assess-
ment of impacts on biodiversity is needed. Moreover,
methods for cumulative assessment of effects on species
and habitats can be developed or improved by analyzing
monitoring data.
Therefore, it is important to collect comprehensive RE

spatial data and data about affected species (e.g.,

population-level effects, species displacement, mortality
data of species) for trend analyses. In this way, it is possible
to take corrective actions, like aid programs for species
[61], as soon as negative effects can be observed.
A research project, that developed nationwide monitor-

ing approaches of the effects of renewables in the electri-
city sector on nature and landscapes [62] aims at
identifying and analyzing existing data, data gaps, and de-
veloping practicable indicators. Three main monitoring
fields were identified. First, it is important to monitor the
target achievement of a nature-compatible energy transi-
tion, for example the achievement of energy consumption
reduction (as it was formulated by [63]). A second moni-
toring aspect derived from the research project [62] is the
spatial distribution of RE plants [46] and power lines [16]
with respect to, for example, nature conservation areas or
sensitive forests. The third monitoring field is direct ef-
fects on legally protected goods like animals or popula-
tions. Further research is clearly necessary because of
missing data and practical knowledge about specific popu-
lation effects. As long as there are still knowledge gaps,
planning and steering of RE infrastructure need to be per-
formed with a precautionary approach. High nature con-
servation requirements should be claimed as long as there
is no exculpatory evidence.

Scenario research
Monitoring the effects of RE development on nature
conservation aspects can support short-term manage-
ment of the RE expansion. In contrast, scenario research
helps to assess future trends and possible developments
[64]. In order to be in a position to early address nature
conservation into the mid-term and long-term energy
transition decisions, scenario studies are one way to bet-
ter understand the interaction between future energy de-
mand, technology development, and nature-compatible
RE potentials.
A nature conservation oriented scenario study [29]

shows that the German energy demand in 2050 could
potentially be supplied to 100% by RE installations in
Germany in a nature-compatible way. This, of course,
contradicts the slow progress in the overall replacement
of fossil fuels. To calculate this scenario, certain assump-
tions were made, for example drastically reduction of en-
ergy demand, very high efficiency of RE, a high degree of
electrification, focus on PV roof systems, and only using
the lowest risk areas for wind energy. The practical im-
plementation of such a scenario would be very challen-
ging. The study can be seen as a starting point for
discussion and shows preliminary options to optimize
the energy transition at an early stage (sectoral energy
targets, technology funding) from a nature conservation
perspective. Similar results can be found in a study from
WWF [65]. It uses a different methodical approach and
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assumes higher shares of wind power than [29] but also
higher proportions of installed PV roof systems than
other energy system scenario studies. Therefore, the ob-
jective of scenario studies should be noted within energy
transition discussions.
In contrast to the long-term orientation until 2050

with the described assumptions and spatial approach in
[29], a mid-term scenario study until 2035 [66] was de-
veloped considering nature conservation aspects by inte-
grating a nationwide comparative assessment of risk
levels. With a modified spatial model, nationwide wind
energy sites and the dependencies between nature-
compatibility (conflict risk rating), regional energy de-
mand, and wind conditions are specifically analyzed. Re-
sults of the study indicate that for lower-specific conflict
risks, the energy demand can be covered by a relatively
small additional demand for wind turbines [66]. Imple-
menting nature conservation requirements on a national
level by considering local characteristics may lead to a
higher number of wind turbines. This would be in con-
flict with objectives like the reduction of landscape im-
pairment but represent a greater amount of avoided
conflict risks.
A key factor of RE scenarios that are more nature con-

servation oriented is availability of areas with low risks for
nature conservation aspects. Area potentials and energy
provision from RES are highly dependent on the assump-
tions and extent of nature conservation restrictions. It is
important to know that national studies do not necessarily
have impacts on the nature-compatible local RE develop-
ment, because planning and authorization are regulated
by the state governments or local authorities.
The different methods developed in the two nature

conservation scenario studies [29, 66] provide the means
to analyze trade-offs between relevant drivers, although
further improvements like an overlay of the different
conflict datasets are necessary for reliable and utilizable
results. However, to identify the trade-offs and well bal-
anced solutions, an assessment of the benefits and risks
for nature conservation and RE expansion is needed.
The scenario results can be used, for example, as a basis
for scientific or political discussion or as an orientation
to improve spatial planning, to develop nature-
compatible RE expansion strategies, and to push tech-
nology development. As a good example, intermediate
results from a scenario study [29] (see also Table 2) were
used to formulate political statements on a conceptual,
ministerial level (Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety) [63]. This
statements include efficiency and energy saving (trans-
port, heat, and electricity) as essential requirements, in-
creased use of RE technologies on or close to buildings,
careful development of wind energy using the optimum
locations, and efficient use of bioenergy from residual

and waste materials. The key statements of a nature-
compatible energy transition were then communicated
on this political level to enable and improve the integra-
tion of nature conservation aspects within the energy
transition and thus reduce the effects on nature and
landscape. These demands resulted in a publication of a
special RE report [6] to further promote a nature-
compatible energy transition in the context of BfN
research.

Discussion
Renewable energies represent a necessary element within
the energy transition efforts and a further spatial devel-
opment is very likely. The potential negative effects of
RE development and RE plant operation are principally
known. On this basis, key elements for a nature-
compatible energy transition can be formulated. There
are still data and knowledge gaps that constitute nature
conservation challenges on local (approval procedures,
regional planning) to nationwide (RE goals, technology
preference, funding) scales. In addition, natural pro-
cesses or responses of species and populations often take
long time or are difficult to monitor and to model. The
integration of field study results into binding guidance
documents also represents a challenge. This together
complicates the prompt implementation of nature con-
servation requirements within the energy transition.
With many stakeholders of different competences being

involved in nature conservation and RE development, en-
ergy transition is a challenging process that needs to be
addressed in a joint dialogue and mutual understanding of
stakeholders. A response to the complexity of environ-
mental and social aspects of the energy transition is well-
prepared information from additional research projects
and active support in planning practice.
Therefore, our results indicate a need for an early, pre-

cautionary inclusion of nature conservation within the en-
ergy transition process with, for example, better spatially
replicated data to include species protection and land-
scape management into overall energy goals and planning
activities. For this reason, there is a need to continuously
adapt the economic environment (incentive mechanisms),
regulatory framework conditions (e.g., wind energy ordi-
nances, species protection guidelines, determination of en-
ergy targets), and research topics [19].

Conclusion
The challenges of a substantive development of RE to
tackle climate change and biodiversity loss are high. To
achieve the two objectives, a nature-compatible imple-
mentation of the energy transition is needed by means
of integrating biodiversity into national and federal pol-
icies for renewable energy mix. The article gives an over-
view of the major nature and landscape conservation
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topics for selected RE technologies by combining litera-
ture, selected research projects, and research demand
with a perspective of an administrative actor. As one of
the many nature conservation stakeholders in Germany,
the BfN is responsible, among other tasks, for science-
based policy consultation in the field of RE development
[23, 44].
The analysis of published reports and research projects

show that the strong increase of RE in a densely populated
country like Germany led to conflicts with nature conserva-
tion, especially regarding landscape transformation, the
availability of nature-compatible area, and effects on habi-
tats and species. However, the energy transition has just
started. In the future, we can expect an even more dynamic
RE development and need for decentralized RE infrastruc-
ture. That potentially increases negative effects on nature
and landscapes. The later we accelerate the renewable en-
ergy expansion, the faster the implementation has to be to
reach the long-term climate goals. This would also increase
the efforts to integrate nature and landscape into strategic
and regional planning and approval procedures. Therefore,
nature and landscape conservation issues need to be further
investigated and then to be communicated, for example, as
a nationwide concept of nature-compatible areas for wind
energy combined with regional RE targets. Such a concept
needs to be discussed with relevant experts and decision-
makers to meet a high level of acceptance within the
present political framework. Currently, landscape planning
evaluates the landscape quality of a region. In the future,
landscape master plans could address wind energy plants.
This would enable the definition of valuable landscapes,
which could be included in the regional plan as excluded
areas for wind energy and ensure preventive protection for
the cultural landscapes. In this context, efficient participa-
tory approaches or different types of energy production
organization, such as energy cooperatives, may also en-
hance the local acceptance [27].
As area demand for RE is high and nature-compatible

land is very limited, the need for an overall reduction of
energy consumption and further efficiency gains is obvi-
ous and needs to be communicated and promoted. This
would greatly minimize the impacts on land demand,
landscapes, habitats, and species. Despite the challenge
of reducing absolute energy demand, the energy transi-
tion and thus installing more RE infrastructure into
landscapes have just started. For example, the selected
research projects show that scenarios along with imple-
menting a monitoring can help to identify and visualize
the need for certain action (e.g., binding RE targets, sup-
porting the most efficient and nature-compatible tech-
nologies) and to present options for the development of
nature-compatible RE, for example the integration of en-
ergy landscapes into planning. Research and develop-
ment projects already address the most crucial nature

conservation and landscape aspects. Further research
but also (political) dialog is needed because of the com-
plexity and different competences of stakeholders. There
is still a lack of data but also knowledge gaps. However,
the available research results can already be interpreted
and translated into practicable concepts (criteria for re-
gional planning, standards for species protection, moni-
toring) for federal and local authorities, for example, to
implement RE and nature conservation targets. This
would enable the achievement of the most efficient land
use and a nature-compatible steering of plants onto ap-
propriate sites. Depending on the objective, for example,
reducing the local impacts on species and habitats or
improving the nationwide distribution of RE, a sustain-
able regional or national planning of RE could be an effi-
cient approach. It is not impossible to translate and
better communicate research results among different
stakeholders and authorities. Practicable concepts need
to be developed and coordinated. Negative impacts for
example on certain species or habitats need to be conse-
quently minimized by effective, site-specific measures.
Finally, the importance of nature-compatible planning
and optimal plant siting should be emphasized among
relevant stakeholders.
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