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Visual landscape impacts on scenic and populated places are among sig-

nificant factors affecting local acceptance of large-scale renewable energy
projects. Through the combination of large-scale reverse viewshed and

techno-economic energy system analyses, we assess their potential impacts
for nationwide energy systems. In our case study of Germany, moderate
consideration of visual impact by placing renewables out of sight of the most
scenic and densely populated areas does not have a significant impact on
future energy system costs and design. In contrast, in scenarios assuming high
sensitivity to visual impacts, annual energy system costs would increase by up
to 38% in 2045. The energy system’s resilience would also be compromised
due to the increasing reliance on green hydrogen imports and the uncertain
mass adoption of rooftop photovoltaics. Our analytical framework facilitates
careful planning that considers the visual impact of renewable energy infra-
structure, thus enabling socially acceptable deployment while understanding

the implications for system costs and transformation pathways.

A key component in mitigating climate change is the substitution of
conventional fossil fuels with sustainable, low-carbon, renewable
energy sources'. Despite their economic competitiveness due to
strongly decreasing costs of on- and offshore wind power”™ as well as
solar energy>®, the current growth dynamics of renewable energies are
not sufficient to enable 1.5 °C-compatible scenarios’. In Europe, and
particularly in Germany, after years of record capacity expansion, the
growth rates have been declining sharply®°. The decline has been
attributed to a number of factors, including the lengthy permitting
process™, supply chain issues, and insufficient grid expansion'.
Above all, local opposition to renewable energy technologies, parti-
cularly wind turbines, has been identified as one of the most significant
barriers to their deployment>$7,

The construction of on- and offshore wind turbines are
increasingly opposed by local stakeholders'*'® with the visual

impact of the turbines on the landscape being the main
concern™'7"2_ In particular, turbine installations are rejected in
landscapes with high esthetic quality, while they are accepted more
easily in less beautiful landscapes*%. Although solar energy gen-
erally has less impact on the landscape® and causes less public
opposition®*, the visual impact, especially of large-scale photo-
voltaics (PV), is seen critically®’, and in specific regions, the oppo-
sition is stronger than toward the wind**. Together with other
externalities such as noise, threats to wildlife, and decline of
property prices, the visual impacts of renewable technologies
appear to also diminish for local residents with increasing distance
from the plant®®*~*_ It is crucial to address these concerns, as the
integration of renewable energy sources has the potential to
exert adverse local impacts in social, environmental, or economic
terms if not planned with sufficient consideration®.
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The primary planning approach to mitigate and assess visual
landscape impacts from renewable energy projects is visibility
analysis®“, Visibility analysis can be performed in a variety of ways,
including visibility maps generated from viewshed analysis, 3D simu-
lations, and photomontages*-**. Nonetheless, when planning projects
at large spatial scales, for example for regional or national scale, the
aforementioned methods cannot be efficiently utilized. The reason for
this is in the case of viewshed calculation, the analysis is based on a
line-of-sight test* that is carried out from the perspective of an
examined project. Consequently, the exact locations of all examined
projects must have been determined first. This is not possible at large
spatial scale, where the locations of potential projects is still under
investigation. Therefore, the application of visibility analysis for plan-
ning so far is limited to small spatial scales***® or for the purpose of
impact assessments***°. The shortcomings of conventional viewshed
analysis, however, can be overcome by reversing their setup, i.e.,
performing the analyses from the perspective of the landscape areas
that are to be protected, rather than from the perspective of the
examined projects. This reverse viewshed assessment has the potential
to be applied to large-scale planning of renewable energy
deployment®, and it will be utilized in the present study.

Given the former limitations of conventional visibility analyses,
only a few studies®*?>* have attempted to incorporate visual land-
scape impact considerations into nationwide energy system analyses
or transformation studies. Furthermore, the studies have only con-
sidered visual landscape impacts in simplified ways, or have focused
primarily on visual impacts from onshore wind systems™. For instance,
one study®* substituted wind turbines entirely with PV systems, which
presumably have lower visual impacts. Other studies®* excluded
onshore wind placements in scenic areas.

In this study, we combine mathematical, techno-economic, and
landscape planning approaches to address the following research
questions: would it be possible to install a national renewable energy
system that is not visible from scenic or densely populated areas and
would potentially encounter significantly less local opposition? If so,
what are the associated costs of such an energy system design? We
seek to answer these questions for a case study of Germany by first
determining the reverse viewsheds for all populated and scenic places
in Germany, from individual persons to wind turbines with 130-m hub
height and photovoltaic plants with 2-m height. Subsequently, we
determine the techno-economic potential for on- and offshore wind,
and open-field PV that is not within the viewsheds. Finally, we compare
energy system transformation costs by 2045 with and without
renewable energy technologies excluded by viewsheds, utilizing a
national energy system optimization model. This way, we integrate
large-scale reverse viewsheds of renewable energy infrastructures into
feasible potential analyses and techno-economic energy system
planning.

Results

Reverse-viewshed maps and scenarios

The reverse viewshed analyses were conducted on the entirety of
Germany using the Copernicus EU-DEM (Digital Elevation Model)
version 1.1 with 25-m grid resolution®. The observer points were
positioned at every centroid of a 1-km? grid that have underlying
metadata of scenicness level and population density. In total, viewshed
analyses were conducted from 357,588 viewpoints to determine the-
oretically visible areas from each viewpoint with different scenicness
and population density levels. The setup of the basic parameters of the
viewshed analysis are presented in Fig. 1a. The generated reverse
viewshed maps were then incorporated as exclusion zones in the land
eligibility assessments for renewable energy capacity potential calcu-
lation. The base scenario for our land eligibility assessment follows the
study of ref. 56 that considers legal, technical, geographical, environ-
mental, and cultural preservation restrictions as listed in

Supplementary Table 1. An example of a small-scale application of
incorporating reverse viewshed maps into land eligibility assessment
for the district of Aachen is presented in Fig. 1b.

In total, nine different visibility scenarios were considered
accounting for people’s sensitivity to potential visual impacts of
renewable energy technologies in highly perceived landscape impor-
tance (i.e., scenic or densely populated areas)*. The logic behind the
selected scenarios is as follows: first, we determined the areas available
for the placement of renewable energy systems that would not be
visible from the most scenic places in Germany, i.e., scenicness level 9,
at a scale of 1 (low) to 9 (high scenicness)”. Subsequently, the
thresholds were gradually increased to also exclude renewable energy
systems that are visible from lower scenicness levels down to the
average scenicness level in Germany (i.e., excluding renewable energy
plants visible from scenicness levels > 8, > 7, > 6, and > 5). The last
scenario represents our strictest exclusion criteria that reflect the high
sensitivity of the population to the visual landscape impacts from
renewable infrastructure, even when viewed from the average land-
scape scenicness. We did not consider lower scenicness levels, as these
are mostly in urban areas®”’, which we incorporated by similarly con-
sidering population density levels. For the latter, we started by deter-
mining the available areas that are not visible from high-density urban
centers (i.e., population density > 5000 people per km?). Lastly, the
thresholds were gradually increased to account for scenarios where
renewable energy systems are not visible even from areas with lower
population densities (i.e., population density > 3500 people per km?,
> 1500 people per km?, = 300 people per km?).

Renewable energy plants invisible from scenic and densely
populated areas

The existing renewable energy plants™ in Germany are predominantly
visible from locations with low scenicness values and low population
density (see Supplementary Figs. 1, 2). A total of 65% of onshore wind
turbines and 86% of the open-field PV projects are visible from loca-
tions with scenicness levels of 6 or lower. As scenicness levels increase,
the number of visible plants decreases, until only 3% of the total
onshore wind turbines and 2% of open-field PV projects are visible
from the most scenic locations (i.e., scenicness level =9). With regard
to population density, this trend is less pronounced for onshore wind,
but remains consistent for open-field PV: the majority of existing open-
field PV projects (77%) are visible from areas with population density
below 1500 people per km?. Only 2% are visible from densely popu-
lated areas, with a population density above 5000 people per km? For
onshore wind, 18% of the total onshore wind turbines are visible from
areas with a population density below 1500 people per km?, while 12%
are visible from densely populated areas.

Germany has a total capacity potential of 398 Gigawatt (GW) for
onshore wind, 79 GW for offshore wind, and 669 GW for open-field PV
(without visibility restrictions). As the restrictions on visibility based on
scenicness become more stringent, the capacity potential of onshore
wind and open-field PV are gradually reduced, as shown in Fig. 2. At a
scenicness level of 9, the reverse viewsheds exclude renewables that
are visible from the most scenic landscapes in Germany, such as the
Black Forest and the Bavarian Alps. This results in a reduction of the
capacity potential by 10% for onshore wind and 4% for open-field PV.
These areas, despite their scenic quality, are inhabited by less than
0.5% of the German population. However, they might be of significant
importance as tourist attractions.

Figure 2 shows that the capacity potential starts to decrease sig-
nificantly as renewable energy plants that are visible from scenicness
level 7 or lower are excluded. This trend continues, and leaves only
three GW of onshore wind and 44 GW of open-field PV potential in the
scenicness > 5 scenario. Designing a renewable energy system that is
not visible from areas with the average level of scenicness in Germany
would reduce 99.3% of onshore wind and 93.5% of open-field PV
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Fig. 1| Methodology of reverse viewshed analysis and exemplary use of the
generated reverse viewshed maps as exclusion zones in land eligibility
assessments. a Reverse-viewshed analysis is performed from a selected viewpoint
to map the areas where wind turbines or open-field photovoltaics (PV), if con-
structed in the areas, would be visible to people standing at the selected viewpoint.
This analysis requires a digital elevation model (DEM) of the area and location of
viewpoints that are to be protected from the visual impacts of renewable infra-
structures. The EU-DEM v1.1 with 25-m resolution is used for the analysis. The
viewpoints utilized are the centroids of a 1-km? grid of Germany with underlying

metadata of scenicness and population density level. The visibility threshold dis-
tance was set at 11 km for wind turbines and 7.5 km for open-field PV. b Example of
integrating reverse viewshed maps from viewpoints with high scenicness level
(level 9), and high population density (= 5000 people per km?) into the land elig-
ibility assessment of onshore wind turbines in the district of Aachen, Germany. The
green areas represent the eligible areas for the siting of onshore wind turbines
based on legal, geographical, technical, environmental, and additional visibility
restrictions.

capacity potential. In contrast, the capacity potentials and eligible
areas for offshore wind remain constant across different visibility
scenarios due to legal restrictions that require offshore wind turbines
to be placed at least 15km away from the coast®®. This distance is
greater than the assumed visibility threshold of 11 km (see Methods),
below which distance a wind turbine has a significant visual impact on
the landscape®. Furthermore, Fig. 2 also demonstrates that less than
25% of Germany’s population resides in areas with above-average
scenicness levels. In addition to tourists who frequent these areas, the
strictest scenario considered in this study (i.e., scenicness > 5) has the
potential to safeguard 20 million residents in these areas from the
visual impact of large-scale renewable infrastructure.

Minimizing the visibility of renewable energy infrastructures from
high-density urban centers, such as Berlin and other metropolitan
areas, would reduce onshore wind potential by 10% and open-field PV
potential by 6%. As illustrated in Fig. 2, as the restrictions on visibility
based on population density progress, the areas available for renew-
able deployment continue to decrease. Ultimately, this leaves only
1.5GW of onshore wind (99.6% reduction) and 68 GW of solar PV
(89.8% reduction) potential that is invisible from areas with a popula-
tion density greater than 300 people per km? In this strict scenario,
87% of Germany's population (-70 million people) would be protected
from the visual impact of large-scale renewable energy infrastructure
when viewed from their residences. In addition, the results obtained
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Fig. 2| Reverse-viewshed maps and the remaining renewable capacity potential
at each visibility scenario. Reverse-viewshed maps show siting areas for wind
turbines and open-field photovoltaics (PV) that are visible from different scenicness
and population density thresholds. Each map is utilized as an exclusion zone in the
capacity potential calculation, and the remaining renewable energy potential for
each scenario is displayed in the subsequent line graphs. The capacity potential,

depicted as line graphs, are calculated after taking into account other legal, geo-
graphical, technical, environmental, and additional reverse viewshed constraints.
The secondary y-axis in the line plots shows the percentage of the population
protected from the visual impacts of large-scale renewable infrastructures. Source
data are provided as a Source Data file.

across all scenarios depicted in Fig. 2 demonstrate that the visual
impact of open-field PV systems on the landscape is less significant in
comparison to that of wind turbines.

Furthermore, we conducted a simulation to determine the elec-
tricity generation potential and the levelized cost of electricity (LCOE)
at each potential site for each visibility scenario (Fig. 3). In the base
scenario, 398 GW potential of onshore wind turbines could generate
877 Terawatt hours (TWh) per year, whereas 669 GW open-field PV

systems could supply 728 TWh per year. The graphs again demon-
strate that more stringent visibility restrictions result in a reduction of
the potential for both onshore wind and open-field PV. It is worth
noting from Fig. 3a that gradually excluding wind turbines visible from
the most scenic areas in Germany also progressively eliminates tur-
bines with high LCOEs. This indicates that some sites with high visual
landscape impacts in Germany coincide with the worst wind condi-
tions, suggesting an alignment of landscape protection with the
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Fig. 3 | Cost-potential graphs of onshore wind (a,b) and open-field photo-
voltaics (PV) (c,d) not visible from different scenicness and population density
thresholds. The area in light gray represents annual electricity generation in 2023.
The areas in light green and green represent the electricity generation targets

according to the German Renewable Energy Sources Act (EEG, 2023) for each
technology by 2030 and 2040, respectively. Source data are provided as a Source
Data file.

objective of cost-effectiveness. This is not the case, however, for visi-
bility restrictions based on population density. In addition, the LCOEs
for onshore wind power vary considerably across locations in Ger-
many, ranging from €36.1 (Euro) per Megawatt hours (MWh) to €471.1
per MWh, with an average of €70.5 per MWh in the base scenario. In
contrast, the LCOEs of open-field PV systems exhibit less variation,
ranging from €57.9 per MWh to €78.5 per MWh. This suggests that the
quality of solar resources is relatively consistent throughout Germany.

In regards to the attainability of political targets, Fig. 3 shows that
the electricity generation targets from onshore wind power for 2030
and 2040 are not achievable under the two strictest scenarios
examined in this study, based on scenicness (i.e., scenicness > 5, > 6)
and population density (i.e., population density > 300 people per km?,
>1500 people per km?). However, for open-field PV, this is only true for
the strictest visibility scenarios considered (i.e., scenicness > 5 and
population density > 300 people per km?).

Impacts on system costs and energy transformation pathways
Utilizing the remaining renewable energy potential under different
visibility scenarios, we identified cost-optimal transformation path-
ways for the sector-wide German energy system to achieve the
greenhouse gas-neutral goal by 2045. We found that excluding large-
scale renewable infrastructure that are visible from the most scenic
(scenicness=9) or densely populated areas (population density
> 3500 people per km?) does not affect the optimal system cost (see
Supplementary Fig. 6). The overall system costs start to gradually
increase at scenarios where renewable energy systems visible from
scenicness levels > 8 or population density > 1500 people per km? are

excluded. Eventually, restricting renewable energy infrastructures to
areas that are not visible from average scenicness onwards (i.e., sce-
nicness levels > 5) results in an increase in the overall system costs by
up to €45.5 billion per year in 2045. Furthermore, not employing
renewable infrastructures that are visible from areas with an average
population density (population density > 300 people per km?)
increases system costs by up to €56.4 billion per year in 2045. The
majority of these additional costs come from the energy sector, which
would experience up to 38% of the cost increases per year in 2045
(equivalent to €23.6 billion per year) under these strictest visibility
scenarios. The energy sector considered in this study encompasses
electricity generation, imports, and exports.

In scenarios with strict visibility restrictions, the declin-
ing electricity supply from onshore wind and open-field PV is sub-
stituted by offshore wind and rooftop PV (see Fig. 4c-d). In these
scenarios, the massive deployment of distributed rooftop PV necessi-
tates huge storage development. This is reflected in the increases in
storage sector costs by up to threefold in scenarios where large-scale
wind turbines and open-field PV are not visible from scenicness levels
> 5 and population density > 300 people per km?, compared to the
base scenario (Fig. 4a-b). In these strict scenarios, marginal reductions
in the infrastructure sector costs can also be observed, as the dis-
tributed use of rooftop PV may reduce the necessity for grid
expansions.

In the base scenario, offshore wind and rooftop PV collectively
contribute to only 12.6% of the electricity supply in 2045 (Supple-
mentary Fig. 5). However, as the visibility restrictions progress, the
supply from open-field PV and onshore wind is gradually replaced by

Nature Communications | (2025)16:3853


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59029-1

a scenicness 2 5 b

population density = 300 people/km2

10% 10%

5% 5%

Relative deviation of costs
from base scenario (%)

0%7 0%-

mm Transport Sector

mm Industry Sector

mm Building Sector

mm Energy Sector

== Infrastructures
Storages
Renewable Fuels
Conventional Fuels

75% 75% 75%

50% 50% 50%

25% 25% 25%

0%+

-25%

Relative deviation of electricity supply
from base scenario (%)

-50%

75%

50% mm Hard Coal

mm Lignite

mm Nuclear Energy
Natural Gas
Rooftop PV

== Open-field PV
Onshore Wind

mm Offshore Wind
Biomass
Waste

— Hydrogen import (%)

25%

Hydrogen import share (%)

=)
X

2020 2025 2030 2035 2040 2045

Year
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compared to the base scenario. a, b The cost deviation is shown for each eco-
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scenarios as the energy sector. In these two scenarios with the strictest visibility
restriction, the cost from the energy sector increases by 38% in 2045 compared to
the base scenario (equivalent to €23.6 billion). ¢, d Reduction in electricity supplies
from onshore wind and open-field photovoltaics (PV) are substituted by rooftop PV
and offshore wind. The blue line shows the need to increase hydrogen imports to
meet demand in these two scenarios with the strictest visibility restrictions. Source
data are provided as a Source Data file.

rooftop PV and offshore wind power (Fig. 4c-d). In the strictest sce-
narios, rooftop PV and offshore wind power account for up to 73% of
electricity supply in 2045. This strategy exhausts the capacity potential
for rooftop PV*® and offshore wind in Germany. In the industrial and
residential sectors (Supplementary Figs. 12, 13), there are also notable
increases in natural gas use at the strictest visibility scenarios. These
strategies also necessitate a sudden phase-out of fossil-based fuels in
these sectors within only five years, from 2040 to 2045. Furthermore,
the massive non-utilization of onshore wind and open-field PV due to
concerns regarding their visual impact also affects the green hydrogen
supply. As shown in Fig. 4c-d, in scenarios where onshore wind and
open-field PV are not visible from scenicness > 5 and population den-
sity > 300 people per km?, 91-95% of green hydrogen supply comes
from import in 2030. This equates to 77 TWh per year of green
hydrogen imports in 2030. In these strict visibility scenarios, hydrogen
import remains the dominant supply route, reaching 300 TWh per
year by 2045 (see Supplementary Fig. 8). In contrast, in the base sce-
nario, domestic production of green hydrogen remains the primary
source of hydrogen supply across the modeled years, with the
exception of 2045, where the cost-optimal hydrogen import of
260 TWh per year would be required.

Discussion
We developed a framework of analysis that enables a priori integration
of visual impact considerations into techno-economic energy system

planning at a large spatial scale. The findings suggest that preventing
opposition towards large-scale renewable energy by placing those
technologies out of sight from areas with average scenicness and
population density are very costly and might reduce the resilience of
the German energy system (see Fig. 5). However, only excluding large-
scale renewable energy that are visible from the most scenic or densely
populated areas would not lead to a notable change in the energy
system design and costs. This indicates that moderately considering
visual impacts for renewable energy planning in Germany is not
financially binding. In these moderate scenarios, there is a slight pre-
ference for deploying open-field PV with lower visual impacts over
onshore wind turbines.

In the scenarios with strict visibility restrictions, in which onshore
wind turbines and open-field PV are placed out of sight of areas with
average scenicness level or population density, the energy system cost
increases by up to 38%. In these scenarios, a significant adoption of
offshore wind and rooftop PV is necessary to substitute open-field PV
and onshore wind power. For rooftop PV, up to 18 times the current
rooftop capacity (618 GW) would be needed by 2045. This would
necessitate an expansion rate of 29 GW per year until 2045, exhausting
the available rooftop potential®®. It is questionable whether the current
expansion rate for rooftop and open-field PV in Germany of only
7.5 GW per year could be increased so much. Furthermore, to assume
that all building owners would adopt rooftop PV is highly optimistic, as
the current rooftop PV adoption still faces various socio-economic
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Fig. 5 | Annual system costs in 2045 for different visibility scenarios. The green
color indicates scenarios where minimizing the visibility of renewable infra-
structure exclusively from the most scenic or densely populated areas does not
significantly affect system costs. By contrast, the beige color signifies scenarios
where increasing visibility restrictions lead to a rise in system costs. The red color
indicates the most stringent visibility restrictions considered, which results in cost

escalation, exhaustion of renewable energy potential, and increases in hydrogen
imports and fossil fuel reliance. As all sector's costs are taken into account, these
system costs include many parts, such as for the building stock or transport
options, which are not as strongly affected by the various scenarios as the energy
sector. Source data are provided as a Source Data file.

challenges due to high upfront investment®¢?, unclear ownership and
benefit-sharing schemes among landlord and tenant®***, and low dis-
semination of information about the technology®®’. For instance,
Switzerland has applied a strategy to restrict open-field PV due to
concerns over landscape visual impacts and prioritize rooftop PV®.
This approach, however, has been criticized for being neither cost-
effective nor spatially efficient® in the current policy settings. To
overcome this, it is necessary to first address market barriers through
the provision of subsidies targeted at low-income households. This will
make rooftop PV more economically viable and encourage the adop-
tion of this technology among first-time adopters®. Furthermore,
advancing policy to support the collective self-consumption frame-
work in multi-family buildings®* and to regulate solar obligation on
new public buildings may also help in accelerating rooftop PV
deployment at high visual sensitivity scenarios.

Placing renewable infrastructure out of sight, even from areas
with average scenic quality and average population density level,
would necessitate a significant share of green hydrogen imports from
as early as 2025. This could encourage neighboring countries to use
existing renewables in the countries to produce green hydrogen for
export to Germany. This scenario may involve replacing domestic
renewable energy supply with other non-renewable sources, poten-
tially leading to increased emissions in exporting countries®’. Other
strategies, such as promoting flexibility in hydrogen supply chains
through the development of domestic production hubs, may reduce
dependence on hydrogen imports. However, increased domestic
production of green hydrogen would add significantly to the overall
system costs. At this high visual sensitivity scenario, the few available
renewable energy plants available for hydrogen production are loca-
ted in high-levelized cost locations, as shown in Fig. 3. Other more cost-
effective strategies that could be explored to reduce the reliance on
green hydrogen imports include tapping into domestic biomass
potential and implementing demand-side management through
building retrofits to reduce electricity demand.

High visual sensitivity to renewable infrastructures would also
require renewable infrastructures to be sited mainly offshore, or in

certain remote areas, as shown in Fig. 2. This may concentrate envir-
onmental burdens in the locations not visible from scenic or populated
areas and further give rise to concerns about distributive justice, given
the potential for spatially unequal benefits and burdens associated
with such strategies®®*°. However, it is important to note that the
spatial distribution of local benefits and burdens depends not only on
where renewable infrastructure is located, but also on how the benefits
of renewable energy installations are redistributed’®. This includes
considerations such as local ownership structures and access to
affordable renewable energy. To facilitate a just transition, it is
essential to understand what is perceived as just by the community.
The reverse viewshed method demonstrated in this study can be
applied at the local level to incorporate local preferences regarding the
visibility of renewable infrastructure in the planning process. While the
hidden placement of renewable energies demonstrated in this study
may be a strategy from the spatial planners’ perspective, this approach
should not preclude public participation in the decision-making pro-
cess. Rather, it should be used as a means to reflect public preferences
in the planning process.

Our findings align with those of previous studies that suggest the
implementation of moderate exclusion zones to account for the dis-
amenities caused by renewable energy infrastructures”’2. We added to
the analysis by providing exclusion zones based on visibility from
scenic and populated areas at different sensitivity levels. Our findings
indicate that moderate consideration of visual impacts in German
renewable energy planning does not affect energy potential, opti-
mized costs, and energy system transformation design. However,
more stringent restrictions would result in significant output effects’
through the utilization of more sites by other, more costly technolo-
gies. Furthermore, given the variability in population density and
scenic areas across the country, a one-size-fits-all policy approach may
be ineffective in implementing concrete policy at the local level. The
results we present here show that there are some no-regret locations
for renewable energy installations that are neither visible from scenic
nor densely populated areas. Local governments could develop
guidelines that vary according to local scenic and population
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characteristics to ensure that renewable energy development aligns
with both energy and aesthetic priorities. For example, by prioritizing
buffer zones based on viewsheds from scenic or population thresholds
(e.g., scenicness=9 and population density > 3500 people per km?),
policymakers can achieve a balance between preserving aesthetic
value and promoting renewable deployment. In addition, policy-
makers could incentivize offshore wind or rooftop PV projects in
visually sensitive areas through measures such as expedited
permitting” or tax breaks™.

The impact of placing renewable energy infrastructures in loca-
tions that are not visible from important landscapes on energy system
costs and design may vary by country or region, contingent on the
spatial correlation between renewable resources and the viewsheds
from important landscapes. For example, in Great Britain, areas with
high-quality wind resources coincide with scenic areas®. In this case,
excluding onshore wind visible from scenic areas might be more costly
than in Germany. In addition, the selected visibility threshold distance,
the availability of land area in the country, and the affordability of
substitute energy resources may affect the magnitude of impact on
system costs and the feasibility of minimizing the visual impacts of
renewable infrastructure under greenhouse gas (GHG) neutral targets.
In the reverse-viewshed analysis conducted in this study, the lowest
visibility threshold distance is utilized, assuming that only major
landscape changes from renewable energy are undesirable. Assuming
a higher visibility threshold distance would further exclude land for
renewable energy and may significantly increase the overall cost. It
would also be interesting to investigate the impact of minimizing the
visual impact of renewable infrastructures in other countries with
limited land areas and constrained energy resources.

While the scenarios presented here are based on empirical studies
that indicate that the dominant visibility of renewable energy on scenic
landscapes is not preferred and leads to rejection®* %, it is important to
note that the visibility of renewable energy infrastructure is not always
universally perceived as a negative visual impact by the public. For
instance, in the case of wind energy infrastructure, perceptions of wind
turbines can range from fully positive ones originating from feelings of
progress and sustainability to fully negative ones induced by a critique
of landscape industrialization®*”*. Moreover, even negative percep-
tions are not always a direct indication of actual willingness to oppose
projects, since it has been demonstrated that opposition to projects is
often led by dedicated vocal minorities™**’¢, other than by institu-
tional means such as from administrative or voted local authorities®.
In addition, the findings presented here illustrate that reducing the
visibility of renewable infrastructures to the greatest extent alone
would be an expensive strategy for increasing acceptance. This
underscores the significance of combining the visibility consideration
in planning with other efforts to enhance local acceptance of renew-
able energy projects, such as by ensuring local involvement in the
planning process™”” and providing ownership schemes for local
communities’®,

The framework utilized in this study is applicable to other regions,
provided that the selection of landscape importance is adjusted to
align with the specific needs of the region of interest. This could serve
as a tool to facilitate a two-way dialog between national planners, local
stakeholders, and the public with the goal of jointly planning the
acceptable deployment of renewables”*® while understanding the
implications of different planning arrangements on the overall energy
transformation and system costs.

Methods

General approach

Our methodology is divided into four steps (see Fig. 6). First, reverse
viewshed maps were calculated from 357,588 viewpoints representing
every kilometer-square of Germany, on the EU-DEM vl.1 elevation
model (with a grid resolution of 25 m*). These viewshed maps have

underlying metadata, in our case, population numbers and landscape
scenicness ratings from 1 (low scenicness) to 9 (high). Second, the
influence of viewsheds on renewable energy potentials of onshore and
offshore wind power and open-field solar PV were evaluated. This was
done by excluding renewable energy plants visible from different
populations and scenicness thresholds utilizing the generated reverse-
viewshed maps. Using ETHOS.GLAES***'®2, the generated reverse-
viewshed maps were combined with other regulatory, geographical,
technical, and environmental land eligibility constraints for siting
utility-scale wind turbines and solar PV in Germany (see Supplemen-
tary Table 1). Third, we used ERAS data to simulate electricity gen-
eration for different visibility scenarios using the ETHOS.RESKit tool*”.
Finally, the remaining renewable energy potentials that are not visibile
from different scenicness and population density thresholds were
used to determine the impact of the visibility restrictions on the cost-
optimal, greenhouse gas-neutral energy system transformation in
Germany by 2045. The energy system optimization was conducted
using the model ETHOS.NESTOR, which is based on the ETHOS.FINE
modeling framework®>#*,

Reverse-viewshed analysis

Reverse-viewshed analysis is a viewshed analysis conducted from the
perspective of the landscape elements that are to be protected, rather
than from the perspective of the proposed renewable energy projects.
This analysis enables a priori visual impact assessment of renewable
energy infrastructure®. It uses user-defined important landscapes (i.e.,
scenic areas, densely populated areas, or protected landscapes) as
viewpoints and generates a reverse-zone of theoretical visibility (R-ZTV)
map or reverse viewshed map that illustrates the areas in which any
future construction of renewable energy infrastructure, would be visible
from important landscapes. The generated R-ZTV map can be used as an
exclusion zone in renewable energy planning to minimize the visual
impact of renewable energy infrastructure on important landscapes.

We performed the calculation of R-ZTV using the r.viewshed func-
tion in GRASS-GIS®*. The inputs required for this analysis are a high-
resolution digital elevation model (DEM), viewpoints representing
important landscapes, renewable energy infrastructure heights, observer
height, and visibility threshold distance. For DEM data, the digital surface
model (DSM) raster file for Germany from Copernicus EU-DEM v1.1%* with
25-m resolution was used. The viewpoints used are every centroid of
each km? of Germany, with the underlying metadata of scenicness
ratings” and the population density data®. A total of 357,588 viewpoints
representing the centroids of each km? of Germany was utilized.

For the parameters used in this analysis, we set the observer
height to 1.8 m, to reflect the upper bound of eye-level height of people
in Germany, according to human body dimensions data for ergo-
nomics standard®. This is to account for areas with bare-earth eleva-
tion height. We set a utility-scale wind turbine hub height (target
height) of 130 m, based on an expert survey®® of expected wind turbine
hub height in 2035. The hub height is employed as the target height
instead of the total height to prevent overestimation of visibility, due
to different angle of views of the observer*® and visibility at night time
that depends on lights placed on top of the turbine hub. For the solar
PV height, we used a height of 2 m.

The maximum distance of visibility, also referred to as the visibi-
lity threshold distance®’, exerts the most significant influence on the
results of the R-ZTV analysis, as it defines the radius of application of
the viewshed analysis®.. In visibility analyses for large spatial scales, the
utilized threshold distance ranges from 10 to 35 km**°°, When limiting
the visibility effect to dominant visibility within a landscape, the range
of threshold distance are reduced to 2 to 8.1 km®*°% In our analysis, we
utilized a visual threshold of 10 km, and extended it by an additional
1km, reaching 11km. This adjustment accounts for the additional
distance from the grid border to the viewpoint in the center of each
km? of the scenicness grid. This lowest edge of the spectrum for
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visibility threshold distance is selected for two reasons: First, as the
R-ZTV maps generated in our analysis are proposed as exclusion zones,
a stricter definition of visibility is deemed appropriate. Secondly, it is
acknowledged that visual impact is inherently a matter of subjective
landscape perception, thus it embodies important uncertainties. These
uncertainties refer to both current differences over
perceptions?**°7>76%0% and also to the potential for positive-negative
shifts in perceptions over time™””°*%, Consequently, although calcu-
lations of visual impacts are valuable, their integration in planning
should be carefully considered and responsive to evolving social pre-
ferences over time. R-ZTV is an effective approach in this regard, as the
generated maps can be utilized in the future both as exclusion zones or
as weighted spatial layers in multi-criteria studies that consider local
preferences at a smaller planning scale. For solar PV, the selection of a
visibility threshold was more straightforward, as there are only a few
studies that referred to visual impacts from solar energy. Therefore,
the radius used in the study by Palmer®® was adopted: 6.4 km, exten-
ded by 1km, and rounded to 7.5km, to account for the additional
distance to the viewpoint in the center of each km? of the scenicness
grid. Furthermore, additional considerations such as earth curvature
and atmospheric refraction were omitted from the analysis as it
requires more computational power. The exclusion of earth curvature
consideration from the analysis was an additional rationale for
selecting a lower-end for solar PV height. This was done to counter-
balance the potential for overestimation. Consequently, a height of
2 mwas selected for open-field PV panels, which typically range from 2
to 5m in agrivoltaics applications®,

Due to the large number of viewpoints analyzed in this study,
which requires considerable computational power, the calculation of
reverse viewsheds was performed on a high-performance computer
cluster. The analysis was performed in parallel on several computing
nodes for each county in Germany using GRASS-GIS version 7.8%. This
software was chosen because it is open-source, relatively lightweight,
and its functions can be accessed without explicitly starting the pro-
gram, making it easy to use in scripts and batch processes.

After generating individual reverse-viewshed map from each
centroid of 1-km? grid cell in Germany, the reverse-viewshed maps of
viewpoints that meet the scenicness level or population density
thresholds of each scenario (scenicness=9, > 8, =7, 2 6, > 5, or
population density > 5000 people per km?, > 3500 people per km?,
>1500 people per km?, > 300 people per km?) were merged using the
r.series function in GRASS-GIS. The merge process combines all
reverse viewshed raster files from viewpoints that meet the thresholds
with a union operator at a resolution of 25 m. The merged R-ZTV maps
from each scenario were then used as exclusion zones in the land
eligibility and potential analyses.

Land eligibility and renewable energy potential assessment
The merged R-ZTV maps for different visibility scenarios were incor-
porated into a land eligibility assessment as an additional exclusion
zone. The open-source framework ETHOS.GLAES®**, which is based on
the Geospatial Data Abstraction Library (GDAL)”® was employed for
this assessment. ETHOS.GLAES allows binary land exclusions in the
study region based on user-defined criteria. The base scenario employs
multiple high-resolution (as fine as 10m) land exclusion maps,
including legal, geographical, technical, environmental, and cultural
preservation restrictions (see Supplementary Table 1) in accordance
with the potential analyses previously conducted by ref. 56. The
reverse viewshed maps are then combined with other land exclusion
datasets in the land eligibility assessment to calculate the remaining
renewable energy potentials at different visibility scenarios.

The base scenario for onshore wind includes forest and protected
landscapes as eligible areas®. The ETHOS.GLAES algorithm subse-
quently places onshore wind turbines on the remaining eligible area
while maintaining a spacing distance between turbines of eight times

the rotor diameter parallel to the main wind direction and four times
the rotor diameter perpendicular to it**®%. A reference onshore wind
turbine size of 130-m hub height, 174-m rotor diameter, and 5.5-
Megawatt (MW) capacity was assumed®, However, as the average wind
speed at each federal state varies across Germany, different wind
turbine sizes were utilized for each federal state, reflecting the optimal
size®”. Electricity generation simulations were then conducted using
ETHOS.RESKit*?, employing the ERAS5 reanalysis data, with an assumed
15% loss factor to account for losses due to wake effects'®.

The base scenario for offshore wind turbines excludes military
areas and has a 15-km buffer distance from the coastline. Future off-
shore wind turbine designs with a capacity of 17 MW, a hub height of
151 m, and a rotor diameter of 250 m were utilized®. The same rotor
diameter distances were maintained between turbines as for onshore
wind, and a 15% loss factor was assumed.

Finally, to derive the eligible area for placing open-field PV in
the base scenario, we combined areas with low soil quality and 500-
m-long shoulder strips of motorways and railways, reflecting the
subsidy areas in accordance with the latest Renewable Energy
Sources Act®. A capacity density of 79.2 MW per km? was assumed*®.
ETHOS.RESKit was also utilized to simulate the electricity supply of
solar PV at the eligible sites for each visibility scenario utilizing the
ERAS reanalysis data.

Energy system optimization

The ETHOS.NESTOR energy system model'”' serves as one of the
foundations for the present analyses. This optimization model is based
on the ETHOS.Fine modeling framework®*** and maps the national
energy supply from primary energy to final energy across all potential
paths and technologies. The model enables the creation of normative
scenarios for Germany’s future energy system and provides informa-
tion on cost-effective ways to reduce greenhouse gas emissions. The
model uses a linear optimization approach and is implemented bot-
tom-up, i.e., the model maps individual technologies and components
of the energy system in detail. Geographically, the model is limited to
Germany but considers imports and exports of energy sources. For the
present analysis, we chose a 5-year investment period, and the time
horizon is set up to the year 2045.

The objective function is to minimize the total annual discounted
system costs, including both fixed and variable costs. The fixed costs
comprise capital expenditure and fixed operating expenses. The
capital expenditure for a specific technology is determined by dis-
aggregating the total investment into constant annuities, employing
the capital recovery factor over the assumed depreciation period of
that technology (which may differ from its technical lifetime). Addi-
tionally, the model considers the costs associated with supply infra-
structure, such as electricity, heating, and gas grids, as well as
transport infrastructure.

In consideration of externally specified boundary conditions (e.g.,
greenhouse gas reduction targets) and assumptions (e.g., industrial
goods production, transport demand), the most cost-effective com-
bination of technologies and energy sources that simultaneously
satisfies all constraints is determined. The transformation pathways
are determined based on the cost-optimized hourly-resolved operat-
ing plans for all installed technologies. The cost-optimal pathways can
be interpreted as the decision of a “central” planner and represent a
macroeconomic perspective. The macroeconomic perspective
ensures that the possible technologies or measures are not influenced
by any external factors, as neither current tax nor subsidy mechanisms
are considered. Consequently, the scenarios presented here represent
cost-optimized energy transformation pathways that are not intended
to forecast the future. Rather, they are designed to demonstrate what
is theoretically possible. This approach ensures that the real cost-
optimal transformation pathway is not biased by the potentially mis-
placed subsidies currently present in the German energy system.

Nature Communications | (2025)16:3853


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59029-1

Reverse viewshed
analysis

analysis

GRASS-GIS
r.viewshed

Important viewpoints:
centroids of 1x1 km? grids
of Germany with scenicness

(Roth et al., 2018)
and population density data
(Zensus2011)

Calculate theoretical
visible area for wind turbine
and solar PV from different
scenicness and population

density thresholds
(spatial resolution: 25 m)

Elevation model:
EU-DEM v1.1

v
/ shapefiles of area visible /
/ from scenicness 29, 8, 7, 6, 5, or /)
/ population density = 5000, 3500, 1500, 300 ///

/ for wind turbine and solar PV /////

/ (reverse viewsheds maps)

Land eligibility

ETHOS.GLAES

Map available areas
by excluding legal, technical,
geographical constraints,
along with visible area, and

place RE technologies in the
available areas
(spatial resolution: 10 m)

/ available area & configurations
of wind turbines or solar PV

/ invisible from different scenicness

/and population density threshol

Systems-wide
techno-economic analysis

Electricity generation
simulation

ETHOS.RESKit

ETHOS.NESTOR

Optimize sectors-wide energy
system with invisible
wind turbine and solar PV
(from different scenicness and
population density thresholds)
for GHG-neutral 2045

Simulate electricity
generations
at each eligible site

for each scenario

.4 A S

v
« transformation pathway?“
« systems-wide costs of ||
wind turbines and solar
PV not visible from

different thresholds

/+ potential capacities and
/ generations for different
| visibility scenarios
|+ LCOE at each placement

input data — input process geographical
] output data — output process 'constramts
(Risch et al., 2022)
Bl orocess

Fig. 6 | Overview of the models and data used in this study.

legal, technical, and

« energy demand projections
« techno-economic
assumptions and potentials
of other technologies

« weather data (ERA5)
« techno-economic
assumptions of wind
turbine and solar PV

The technologies that can be installed to meet the hourly energy
demand and energy-related materials of all sectors are divided into
generation, conversion, and storage technologies. The model includes
relevant future technologies and measures (e.g., PV, wind power, heat
pumps, short- and long-term storage, retrofitting of buildings, etc.). The
feed-in from energy sources is limited by their time-dependent potential
and efficiency (e.g., weather-dependent feed-in profiles for PV and wind
power technologies). The installable capacities of the technologies have
upper potential limits that are defined by technical restrictions® and, in
some cases (PV and wind power) also by the visibility restrictions in the
scenarios considered in this study. Energy conversion in power plants
and other facilities is determined by their efficiency and capacity. The
operation of energy storage systems is subject to restrictions in terms of
charging and discharging rates and storage capacity.

A distinctive feature of the model is that all potential GHG-reduction
options across all sectors (i.e., energy, transport, buildings, industry) are
integral in competition with each other. One of the most important
boundary conditions of this study are the exogenously overarching
greenhouse gas reduction targets set by the current Climate Change Act.
This target path must be adhered to by the model in any case (i.e., at
every hour of every day from 2020 to 2045). The technologies and
sectoral emission reduction contributions that can be utilized to achieve
this target are the result of cost optimization. This means that important
energy consumption, such as electricity consumption or hydrogen
demand, are not exogenously assumed and predetermined, as is often
the case in many other studies. Instead, it results from the diverse cost-
optimized combination of different technologies and their use.

In the case of hydrogen, for example, this means that no specific
hydrogen demand is assumed for individual years but that specific
energy services are extrapolated into the future (e.g., the amount of steel
produced in Germany or the tonne-kilometers traveled by trucks in
Germany). These services can be provided via different routes within the
model (e.g., crude steel production via the coke-fired blast furnace or
with hydrogen in direct reduction plants, or the use of diesel trucks
compared to fuel cell trucks). The model selects the option that can fulfill
the respective service in the most cost-effective manner and meet all
externally set constraints (e.g., greenhouse gas reduction targets). The
model does not consider cost-effectiveness on a sectoral basis; rather, it
assesses the cost-effectiveness of the entire system. This not only guar-
antees a cost-optimal solution at the system level, but also makes it
possible to analyze the system benefits of the various solutions. In the
case of hydrogen, the possibility of long-term seasonal storage should be

mentioned here in particular, which makes it possible to operate the
energy system robustly even during cold dark doldrums. The requisite
scale of hydrogen storage facilities and the proportion of renewable
electricity to be converted into hydrogen for optimal operation of
renewable energy plants can be assessed by the integrated energy sys-
tem model ETHOS.NESTOR, which optimizes the use of the hydrogen
model endogenously. The model has been described, used, and exten-
ded in numerous studies'*'%,

Limitations and outlook
While this study has expanded upon earlier works***! by incorporating
visual impact considerations into techno-economic analysis and at a
substantially larger planning scale, a number of limitations should be
acknowledged. Firstly, a nationwide scenicness dataset utilized to
generate reverse viewshed maps is, to our knowledge, currently only
available for Germany and Great Britain. To enable similar assessments
in other regions, proxies of landscape importance or scenicness would
be required. This could be locations of national parks, heritage sites, or
other designated important landscapes and landscape components™.
However, even such datasets may not be available for every country
and for all types of landscape components®. Alternatively, future stu-
dies could use public-selected landscapes of importance or char-
acterize areas where opposition due to visual landscape impacts of
renewable energy infrastructure has been documented in the past.
Secondly, the scenicness dataset employed as viewpoints in the
reverse viewshed analysis has a relatively low resolution of 1km. This
may result in the omission of heterogeneity in landscape quality within a
1-km? area. Nevertheless, it should be noted that the centroids of the
1-km? grid are employed solely for the purpose of sampling viewpoints
across Germany with diverse landscape quality. The impact on the
resulting reverse viewshed map is anticipated to be minimal. This is
because of the fact that the resulting viewshed map is largely contingent
upon the spatial resolution of digital elevation map employed and the
visibility threshold distance used. The present study used the EU-DEM
v1.1, which is capable of capturing small-scale features at 25-m resolution.
Additionally, as stated above, the assumed visibility threshold distances
have been adjusted to account for the additional distance to the view-
point in the center of the grid. Future studies that aim to conduct a more
detailed analysis at a smaller spatial scale could benefit from inter-
polating the scenicness dataset to increase the number of viewpoints.
Thirdly, the input of the reverse viewshed analysis employed in
this study is a digital surface model (DSM), which captures both natural
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and artificial features, e.g., buildings and trees. At locations with a high
number of features, such as forests and cities, the reverse viewshed
obtained might be overestimated since the observer point is assumed
to be on top of these features. When viewed from the ground, the
resulting viewshed area in urban settings could be lower than the
results obtained from the present analysis. However, due to the large
geographic scale of this study, the deviation is negligible. A sensitivity
analysis (see Supplementary Fig. 14) indicates that the calculated eli-
gible area exhibits minimal variation (0-0.5%) when either DSM or
digital terrain model (DTM)'*® is employed in the reverse viewshed
calculation. A slight difference in grid size between the only available
DTM raster (20 m) and DSM raster (25 m) may also contribute to this
variation. A detailed viewshed analysis with much higher spatial reso-
lution could combine the DSM with a DTM, which is a bare-earth ele-
vation model, to detect possible features blocking the line of sight.
This improvement could be beneficial for a micro-level (i.e., municipal)
analysis where the exact locations of power plants need to be deter-
mined. This approach is, however, constrained by the current avail-
ability of DTM data, which is only accessible for selected regions.
Additionally, a uniform 130-m turbine hub height was assumed in the
reverse viewshed calculation, despite the use of varying optimal wind
turbine heights (i.e., hub height of 130-170 m) for each federal state in
the potential analysis. Nevertheless, the variation in the resulting eli-
gible area remains minimal at 0-0.2% (see Supplementary Fig. 15).
Additional limitations and uncertainties originate from the setup of the
viewshed analysis per se, which does not address parameters such as
the exposure of visible items®?, contrast®, and angle of viewing'”’. The
reverse viewshed analysis employed in this study did not consider the
effects of earth curvature and atmospheric refraction. This resulted in
an overestimation of the visible area for 2-m solar PV by 1-2%. This
effect is lower for larger objects such as onshore wind turbines. Future
studies could consider earth curvature and atmospheric refraction in
the viewshed analysis to improve accuracy.

In our reverse viewshed analysis, we quantified the potential visual
impact of a single wind turbine on multiple important landscapes and
used it as an exclusion zone in the land eligibility model. This would
result in the placement of any number of wind turbines out of sight of
multiple important landscapes considered. A limitation of the current
settings is that it is not feasible to assess the land suitability based on
the potential visual impact of single or cumulative numbers of wind
turbines. This is because the necessary information regarding turbine
locations and numbers must be known in advance of the energy sys-
tem optimization and would be more appropriate for a smaller-scale
analysis. Future studies for the detailed design of a wind energy pro-
ject, could employ cumulative reverse viewshed analysis and count the
number of planned wind turbines within the combined reverse-zone of
theoretical visibility (R-ZTV). Each turbine could then be weighted by
the number of viewpoints it affects.

In our analysis, we integrated the grid expansion into the infra-
structure costs within the optimization model. However, we did not
consider the visual impacts of grid construction. The substantial
deployment of large-scale renewable energy would require grid devel-
opment, which may also give rise to local opposition due to their visual
impacts on the landscape'®® and indirect environmental effects®. Future
studies might employ a spatially explicit optimization model to simul-
taneously exclude cable routing with high visual impacts. Additionally,
the potential impact of climate change on renewable energy generation
was not modeled in the present study. Climate change-induced extreme
events in the future may significantly affect renewable generation, par-
ticularly for wind power in some regions'”. To model this accurately
would require transdisciplinary collaboration between energy systems
and climate modelers, which currently still tends to be limited". Future
studies could incorporate climate-related uncertainty analysis in addi-
tion to the past meteorological data used for the simulation.

Furthermore, while the investigation of visibility from scenic and
densely populated areas partially quantifies the visual impacts of infra-
structure on important landscapes®, not all aspects of visual impacts™
are included in the present analysis. The concept of visual impacts also
depends on the level of detection, recognition', perceptions of annoy-
ance from renewable energy infrastructure, and is also influenced by
place attachment™2. Over the past decade, it has become evident that the
perception of visual impact from renewable energy infrastructure is also
not a strictly independent criterion for individuals, as it is intertwined
with other parameters that affect local acceptance. Such factors may
include community participation in the design and planning process”,
the application of landscape studies in the planning process’, the pre-
existing character of the landscape®®, or even the professional back-
grounds of the affected populations”. Acceptance of large-scale renew-
able infrastructure may also change over time™ and be influenced by
local people’s familiarity and experience with renewable energy
projects™. This issue would be complex to model, as in our current
study, the renewable energy plants at the various locations are only input
data prior to optimization, and it is not clear which sites would be
selected in which investment period based on cost optimality or other
criteria. To reflect this, it would be conceivable in future studies to
develop an iterative approach that assesses the optimization results
considering the evolving societal preferences depending on the number
of installed renewable plants in a given region and then adjusts the input
data. Additionally, site-specific visual impacts, such as shadow flicker
phenomena from wind turbines', glare from PV, or varying severity of
visual impacts due to a cumulative number of concentrated renewable
energy plants”, could be incorporated in future analyses.

Data availability

Source data for Figs. 2-5 are provided in the Source Data file. The land
use data that support the analysis of this study are partially publicly
available as listed in references of Supplementary Table 1. However,
some data are restricted due to data protection. For example, the high-
resolution building data from the German Federal Agency for Carto-
graphy and Geodesy (BKG), which were used under license for the
current study. Source data are provided with this paper.

Code availability

All models used for this study are open source. The code developed for
the large-scale reverse viewshed analysis can be accessed on Jiilich
DATA". The software tool ETHOS.GLAES™® is used for land eligibility
analysis. The ETHOS.RESKit tool" is employed for the electricity
generation simulation. Finally, the ETHOS.FINE energy system opti-
mization framework'® is used to instantiate a national energy system
model utilized in this study. We are currently also working on an open-
source publication of this national energy system model. In the
meantime, please contact the authors for more information on the
model setup if not included in this manuscript.

References

1. Intergovernmental Panel on Climate Change (IPCC). Mitigation
Pathways Compatible with 1. 5°C in the Context of Sustainable
Development (Cambridge Univ. Press, 2022).

2. Wiser, R. et al. Expert elicitation survey on future wind energy
costs. Nat. Energy 1, 742-754 (2016).

3. Weinand, J. M., McKenna, R., Kleinebrahm, M., Scheller, F. &
Fichtner, W. The impact of public acceptance on cost efficiency
and environmental sustainability in decentralized energy systems.
Patterns 2, 100301 (2021).

4. Jansen, M. et al. Offshore wind competitiveness in mature markets
without subsidy. Nat. Energy 5, 614-622 (2020).

5. Victoria, M. et al. Solar photovoltaics is ready to power a sustain-
able future. Joule 5, 1041-1056 (2021).

Nature Communications | (2025)16:3853


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59029-1

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Haegel, N. M. et al. Photovoltaics at multi-terawatt scale: Waiting is
not an option. Science 380, 39-42 (2023).

Cherp, A., Vinichenko, V., Tosun, J., Gordon, J. A. & Jewell, J. National
growth dynamics of wind and solar power compared to the growth
required for global climate targets. Nat. Energy 6, 742-754 (2021).
Weinand, J. M. et al. Exploring the trilemma of cost-efficiency,
landscape impact and regional equality in onshore wind expan-
sion planning. Adv. Appl. Energy 7, 100102 (2022).

Reutter, F., Geiger, C., Lehmann, P., Meier, J.-N. & Tafarte, P. Fla-
chenziele fiir die Windenergie: Wie zielfiihrend ist das neue Wind-
an-Land-Gesetz? Wirtschaftsdienst 102, 703-708 (2022).

Toller, A. E., Garske, B., Rasch, D., Weigel, A. & Hahn, H. Failing
successfully? Local referendums and ENGOs’ lawsuits as chal-
lenges to wind energy expansion in Germany. Zeitschrift fiir Ver-
gleichende Politikwissenschaft 18, 273-301 (2024).

Alola, A. A., Okere, K. I., Muoneke, O. B. & Dike, G. C. Do bureau-
cratic policy and socioeconomic factors moderate energy utili-
zation effect of net zero target in the EU? J. Environ. Manag. 317,
115386 (2022).

Nordensvard, J. & Urban, F. The stuttering energy transition in
Germany: Wind energy policy and feed-in tariff lock-in. Energy
Policy 82, 156-165 (2015).

Weinand, J. M. et al. Historic drivers of onshore wind power siting
and inevitable future trade-offs. Environ. Res. Lett. 17, 074018 (2022).
Reusswig, F. et al. Against the wind: Local opposition to the Ger-
man energiewende. Util. Policy 41, 214-227 (2016).

Tsani, T., Weinand, J. M., LinB3en, J. & Stolten, D. Quantifying social
factors for onshore wind planning - a systematic review. Renew.
Sustain. Energy Rev. 203, 114762 (2024).

Rand, J. & Hoen, B. Thirty years of North American wind energy
acceptance research: what have we learned? Energy Res. Soc. Sci.
29, 135-148 (2017).

Fast, S. et al. Lessons learned from Ontario wind energy disputes.
Nat. Energy 1, 15028 (2016).

Boudet, H. S. Public perceptions of and responses to new energy
technologies. Nat. Energy 4, 446-455 (2019).

Petrova, M. A. From NIMBY to acceptance: Toward a novel fra-
mework — vespa — for organizing and interpreting community
concerns. Renew. Energy 86, 1280-1294 (2016).

Spielhofer, R., Hunziker, M., Kienast, F., Wissen Hayek, U. & Grét-
Regamey, A. Does rated visual landscape quality match visual
features? An analysis for renewable energy landscapes. Landsc.
Urban Plan. 209, 104000 (2021).

Suskevics, M. et al. Regional variation in public acceptance of wind
energy development in europe: What are the roles of planning
procedures and participation? Land Use Policy 81, 311-323 (2019).
Devine-Wright, P. & Wiersma, B. Understanding community
acceptance of a potential offshore wind energy project in different
locations: An island-based analysis of ‘place-technology fit'.
Energy Policy 137, 111086 (2020).

Cranmer, A., Broughel, A. E., Ericson, J., Goldberg, M. & Dharni, K.
Getting to 30 GW by 2030: Visual preferences of coastal residents
for offshore wind farms on the us east coast. Energy Policy 173,
113366 (2023).

Molnarova, K. et al. Visual preferences for wind turbines: Location,
numbers and respondent characteristics. Appl. Energy 92,
269-278 (2012).

McKenna, R. et al. Scenicness assessment of onshore wind sites
with geotagged photographs and impacts on approval and cost-
efficiency. Nat. Energy 6, 663-672 (2021).

Kirchhoff, T., Ramisch, K., Feucht, T., Reif, C. & Suda, M. Visual
evaluations of wind turbines: judgments of scenic beauty or of
moral desirability? Landsc. Urban Plan. 226, 104509 (2022).
Lothian, A. Scenic perceptions of the visual effects of wind farms
on south Australian landscapes. Geogr. Res. 46, 196-207 (2008).

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

de Vries, S., de Groot, M. & Boers, J. Eyesores in sight: Quantifying
the impact of man-made elements on the scenic beauty of dutch
landscapes. Landsc. Urban Plan. 105, 118-127 (2012).

McKenna, R. et al. Exploring trade-offs between landscape
impact, land use and resource quality for onshore variable
renewable energy: An application to Great Britain. Energy 250,
123754 (2022).

loannidis, R. & Koutsoyiannis, D. A review of land use, visibility and
public perception of renewable energy in the context of land-
scape impact. Appl. Energy 276, 115367 (2020).

Sutterlin, B. & Siegrist, M. Public acceptance of renewable energy
technologies from an abstract versus concrete perspective and the
positive imagery of solar power. Energy Policy 106, 356-366 (2017).
Azarova, V., Cohen, J., Friedl, C. & Reichl, J. Designing local
renewable energy communities to increase social acceptance:
Evidence from a choice experiment in Austria, Germany, Italy, and
Switzerland. Energy Policy 132, 1176-1183 (2019).

Crawford, J., Bessette, D. & Mills, S. B. Rallying the anti-crowd:
Organized opposition, democratic deficit, and a potential social gap
in large-scale solar energy. Energy Res. Soc. Sci. 90, 102597 (2022).
Firestone, J. & Kirk, H. A strong relative preference for wind tur-
bines in the United States among those who live near them. Nat.
Energy 4, 311-320 (2019).

Jensen, C. U. et al. The impact of on-shore and off-shore wind
turbine farms on property prices. Energy Policy 116, 50-59 (2018).
Zerrahn, A. Wind power and externalities. Ecol. Econ. 141,
245-260 (2017).

Droes, M. I. & Koster, H. R. Wind turbines, solar farms, and house
prices. Energy Policy 155, 112327 (2021).

Farghali, M. et al. Social, environmental, and economic con-
sequences of integrating renewable energies in the electricity
sector: A review. Environ. Chem. Lett. 21, 1381-1418 (2023).
Scottish Natural Heritage. Visual representation of wind farms
https://www.nature.scot/doc/visual-representation-wind-farms-
guidance (2017).

Sullivan, R. G. et al. Wind turbine visibility and visual impact
threshold distances in western landscapes https://
blmwyomingvisual.anl.gov/docs/WindVITD.pdf (2012).

Gobster, P. H., Ribe, R. G. & Palmer, J. F. Themes and trends in
visual assessment research: Introduction to the landscape and
urban planning special collection on the visual assessment of
landscapes. Landsc. Urban Plan. 191, 103635 (2019).

Apostol, D., Palmer, J., Pasqualetti, M. J., Smardon, R. & Sullivan, R.
The Renewable Energy Landscape: Preserving Scenic Values in our
Sustainable Future (Routledge, 2017).

Ervin, S. & Steinitz, C. Landscape visibility computation: Necessary,
but not sufficient. Environ. Plan. B Plan. Des. 30, 757-766 (2003).
Alphan, H. Incorporating visibility information into multi-criteria
decision making (MCDM) for wind turbine deployment. Appl.
Energy 353, 122164 (2024).

Gamboa, G. & Munda, G. The problem of windfarm location: a
social multi-criteria evaluation framework. Energy Policy 35,
1564-1583 (2007).

Alphan, H. Modelling potential visibility of wind turbines: A
geospatial approach for planning and impact mitigation. Renew.
Sustain. Energy Rev. 152, 111675 (2021).

Ramirez-Rosado, I. J. et al. Promotion of new wind farms based on
a decision support system. Renew. Energy 33, 558-566 (2008).
Palmer, J. F. Cumulative viewsheds in wind energy visual impact
assessments and how they are interpreted. J. Digit. Landsc. Archit.
7, 662-670 (2022).

Rodrigues, M., Montanés, C. & Fueyo, N. A method for the
assessment of the visual impact caused by the large-scale
deployment of renewable-energy facilities. Environ. Impact
Assess. Rev. 30, 240-246 (2010).

Nature Communications | (2025)16:3853

12


https://www.nature.scot/doc/visual-representation-wind-farms-guidance
https://www.nature.scot/doc/visual-representation-wind-farms-guidance
https://blmwyomingvisual.anl.gov/docs/WindVITD.pdf
https://blmwyomingvisual.anl.gov/docs/WindVITD.pdf
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59029-1

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Guo, W., Wenz, L. & Auffhammer, M. The visual effect of wind
turbines on property values is small and diminishing in space and
time. Proc. Natl. Acad. Sci. USA 121, e2309372121 (2024).
loannidis, R., Mamassis, N., Efstratiadis, A. & Koutsoyiannis, D.
Reversing visibility analysis: Towards an accelerated a priori
assessment of landscape impacts of renewable energy projects.
Renew. Sustain. Energy Rev. 161, 112389 (2022).

Wehrle, S., Gruber, K. & Schmidt, J. The cost of undisturbed
landscapes. Energy Policy 169, 112617 (2021).

Price, J., Mainzer, K., Petrovi¢, S., Zeyringer, M. & McKenna, R. The
implications of landscape visual impact on future highly renew-
able power systems: A case study for Great Britain. IEEE Trans.
Power Syst. 37, 3311-3320 (2022).

Spielhofer, R., Schwaab, J. & Grét-Regamey, A. How spatial poli-
cies can leverage energy transitions - Finding Pareto-optimal
solutions for wind turbine locations with evolutionary multi-
objective optimization. Environ. Sci. Policy 142, 220-232 (2023).
Copernicus. EU-DEM v1.1 https://www.eea.europa.eu/en/
datahub/datahubitem-view/d08852bc-7b5f-4835-a776-
08362e2fbf4b (2016).

Risch, S. et al. Potentials of renewable energy sources in Germany
and the influence of land use datasets. Energies 15, 5536 (2022).
Roth, M. et al. Landscape as an area as perceived by people:
Empirically-based nationwide modelling of scenic landscape
quality in Germany. J. Digit. Landsc. Archit. 3,129-137 (2018).
Manske, D., Grosch, L., Schmiedt, J., Mittelstadt, N. & Thran, D.
Geo-locations and system data of renewable energy installations
in Germany. Data 7, 128 (2022).

Wrozynski, R., Sojka, M. & Pyszny, K. The application of GIS and 3D
graphic software to visual impact assessment of wind turbines.
Renew. Energy 96, 625-635 (2016).

Bundesministerium flr Wirtschaft und Klimaschutz. Erneuerbare-
Energien-Gesetz 2023 (2023).

Penaloza, D. et al. Social and market acceptance of photovoltaic
panels and heat pumps in Europe: A literature review and survey.
Renew. Sustain. Energy Rev. 155, 111867 (2022).

Reindl, K. & Palm, J. Installing PV: Barriers and enablers experi-
enced by non-residential property owners. Renew. Sustain. Energy
Rev. 141, 110829 (2021).

Braeuer, F., Kleinebrahm, M., Naber, E., Scheller, F. & McKenna, R.
Optimal system design for energy communities in multi-family
buildings: The case of the German tenant electricity law. Appl.
Energy 305, 117884 (2022).

Domenig, C. et al. Overcoming the landlord-tenant dilemma: A
techno-economic assessment of collective self-consumption for
European multi-family buildings. Energy Policy 189, 114120 (2024).
Salak, B. et al. Shifting from techno-economic to socio-ecological
priorities: Incorporating landscape preferences and ecosystem
services into the siting of renewable energy infrastructure. PLoS
ONE 19, e0298430 (2024).

Morrissey, K. & Scheller, F. It takes a village: The role of community
attributes in shaping solar photovoltaic adoption intention in
Germany. Renew. Energy 237, 121542 (2024).

Schmidt, J., Wehrle, S., Turkovska, O. & Regner, P. The EU addition-
ality rule does not guarantee additionality. Joule 8, 553-556 (2024).
Vagero, O. & Zeyringer, M. Can we optimise for justice? Reviewing
the inclusion of energy justice in energy system optimisation
models. Energy Res. Soc. Sci. 95, 102913 (2023).

Mueller, J. T. & Brooks, M. M. Burdened by renewable energy? A
multi-scalar analysis of distributional justice and wind energy in
the United States. Energy Res. Soc. Sci. 63, 101406 (2020).
Lehmann, P. et al. Spatial distributive justice has many faces: The
case of siting renewable energy infrastructures. Energy Res. Soc.
Sci. 118, 103769 (2024).

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Salomon, H., Drechsler, M. & Reutter, F. Minimum distances for
wind turbines: a robustness analysis of policies for a sustainable
wind power deployment. Energy Policy 140, 111431 (2020).
Lehmann, P. & Tafarte, P. Exclusion zones for renewable energy
deployment: One man'’s blessing, another man'’s curse. Resour.
Energy Econ. 76, 101419 (2024).

Dukan, M., Gumber, A., Egli, F. & Steffen, B. The role of policies in
reducing the cost of capital for offshore wind. iScience 26,
106945 (2023).

van Ouwerkerk, J. et al. Quantifying benefits of renewable
investments for German residential prosumers in times of volatile
energy markets. Nat. Commun. 15, 8206 (2024).

Ladenburg, J., Termansen, M. & Hasler, B. Assessing acceptability
of two onshore wind power development schemes: A test of
viewshed effects and the cumulative effects of wind turbines.
Energy 54, 45-54 (2013).

Fleming, C. S., Gonyo, S. B., Freitag, A. & Goedeke, T. L. Engaged
minority or quiet majority? Social intentions and actions related to
offshore wind energy development in the united states. Energy
Res. Soc. Sci. 84, 102440 (2022).

Ladenburg, J. Dynamic properties of the preferences for renew-
able energy sources - a wind power experience-based approach.
Energy 76, 542-551 (2014).

Hogan, J. L., Warren, C. R., Simpson, M. & McCauley, D. What
makes local energy projects acceptable? Probing the connection
between ownership structures and community acceptance.
Energy Policy 171, 113257 (2022).

Devine-Wright, P. Public engagement with large-scale renewable
energy technologies: Breaking the cycle of nimbyism. WIREs Clim.
Change 2, 19-26 (2011).

Bidwell, D. Thinking through participation in renewable energy
decisions. Nat. Energy 1, 16051 (2016).

Ryberg, D., Robinius, M. & Stolten, D. Evaluating land eligibility
constraints of renewable energy sources in Europe. Energies 11,
1246 (2018).

Ryberg, D. S. et al. The future of European onshore wind energy
potential: Detailed distribution and simulation of advanced tur-
bine designs. Energy 182, 1222-1238 (2019).

Welder, L. et al. Spatio-temporal optimization of a future energy
system for power-to-hydrogen applications in Germany. Energy
158, 1130-1149 (2018).

Klitz, T. et al. Ethos.fine: A framework for integrated energy sys-
tem assessment. J. Open Source Softw. 10, 6274 (2025).

GRASS Development Team. Geographic resources analysis sup-
port system (GRASS-GIS) software, version 7.8 https://grass.
osgeo.org (2019).

Statistische Amter des Bundes und der Lander. Census database
https://www.zensus2011.de/EN/Home/home_node.html (2020).
DIN 33402-2:2020-12. Ergonomics - human body dimensions -
Part 2: values (2020).

Wiser, R. et al. Expert elicitation survey predicts 37% to 49% declines
in wind energy costs by 2050. Nat. Energy 6, 555-565 (2021).
Bishop, I. Determination of thresholds of visual impact: The case of
wind turbines. Environ. Plan B Plan. Design 29, 707-718 (2002).
Spielhofer, R. et al. Physiological and behavioral reactions to
renewable energy systems in various landscape types. Renew.
Sustain. Energy Rev. 135, 110410 (2021).

Scottish Natural Heritage. Siting and Designing Windfarms in the
Landscape (Scottish Natural Heritage, 2009).

Palmer, J. F. Deconstructing viewshed analysis makes it possible
to construct a useful visual impact map for wind projects. Landsc.
Urban Plan. 225, 104423 (2022).

Schumacher, K., Krones, F., McKenna, R. & Schultmann, F. Public
acceptance of renewable energies and energy autonomy: A

Nature Communications | (2025)16:3853

13


https://www.eea.europa.eu/en/datahub/datahubitem-view/d08852bc-7b5f-4835-a776-08362e2fbf4b
https://www.eea.europa.eu/en/datahub/datahubitem-view/d08852bc-7b5f-4835-a776-08362e2fbf4b
https://www.eea.europa.eu/en/datahub/datahubitem-view/d08852bc-7b5f-4835-a776-08362e2fbf4b
https://grass.osgeo.org
https://grass.osgeo.org
https://www.zensus2011.de/EN/Home/home_node.html
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59029-1

comparative study in the french, german and swiss upper rhine
region. Energy Policy 126, 315-332 (2019).

94. Beer, M., Rybar, R. & Gabaniova, L. Visual impact of renewable
energy infrastructure: Implications for deployment and public
perception. Processes 11, 2252 (2023).

95. Jefferson, M. Safeguarding rural landscapes in the new era of
energy transition to a low carbon future. Energy Res. Soc. Sci. 37,
191-197 (2018).

96. Palmer, J. Which locations in a solar energy project contribute the
greatest visual impact? J. Digit. Landsc. Archit. 6, 287-294 (2021).

97. Campana, P. E., Stridh, B., Amaducci, S. & Colauzzi, M. Optimisa-
tion of vertically mounted agrivoltaic systems. J. Clean. Prod. 325,
129091 (2021).

98. Dupraz, C. et al. Combining solar photovoltaic panels and food
crops for optimising land use: Towards new agrivoltaic schemes.
Renew. Energy 36, 2725-2732 (2011).

99. GDAL/OGR contributors. GDAL/OGR Geospatial Data Abstraction

software Library. Open Source Geospatial Foundation https://

gdal.org (2020).

Pelser, T. et al. Reviewing accuracy & reproducibility of large-scale

wind resource assessments. Adv. Appl. Energy 13, 100158 (2024).

101.  Kullmann, F., Markewitz, P., Kotzur, L. & Stolten, D. The value of

recycling for low-carbon energy systems - a case study of Ger-

many’s energy transition. Energy 256, 124660 (2022).

Lopion, P., Markewitz, P., Stolten, D. & Robinius, M. Cost uncertain-

ties in energy system optimization models: A quadratic program-

ming approach for avoiding penny switching effects. Energies 12,

4006 (2019).

Lopion, P. Modellgesttiitzte Analyse kosteneffizienter CO2-

Reduktionsstrategien = Model-based analysis of cost-efficient CO2

reduction strategies. Ph.D. thesis, RWTH Aachen University (2020).

Kullmann, F., Linssen, J. & Stolten, D. The role of hydrogen for the

defossilization of the German chemical industry. Int. J. Hydrogen

Energy 48, 38936-38952 (2023).

Schdb, T., Kullmann, F., LinBen, J. & Stolten, D. The role of

hydrogen for a greenhouse gas-neutral Germany by 2045. Int. J.

Hydrogen Energy 48, 39124-39137 (2023).

State Office for Geoinformation Saxony [GeoSN]. Open geodata:

download area digital elevation models. https://www.geodaten.

sachsen.de/downloadbereich-digitale-hoehenmodelle-4851.

html (2024).

Danese, M., Nolé, G. & Murgante, B. in Geocomputation, Sustain-

ability and Environmental Planning (eds Murgante, B., Borruso, G. &

Lapucci, A.) (Springer, 2011).

Bertsch, V., Hall, M., Weinhardt, C. & Fichtner, W. Public acceptance

and preferences related to renewable energy and grid expansion

policy: Empirical insights for Germany. Energy 114, 465-477 (2016).

Osman, A. I. et al. Cost, environmental impact, and resilience of

renewable energy under a changing climate: a review. Environ.

Chem. Lett. 21, 741-764 (2023).

10. Craig, M. T. et al. Overcoming the disconnect between energy
system and climate modeling. Joule 6, 1405-1417 (2022).

M. Shang, H. & Bishop, I. Visual thresholds for detection, recognition
and visual impact in landscape settings. J. Environ. Psychol. 20,
125-140 (2000).

12. Strazzera, E., Mura, M. & Contu, D. Combining choice experiments
with psychometric scales to assess the social acceptability of wind
energy projects: A latent class approach. Energy Policy 48,
334-347 (2012).

113.  Wolsink, M. Wind power implementation: the nature of public
attitudes: Equity and fairness instead of ‘backyard motives’.
Renew. Sustain. Energy Rev. 11, 1188-1207 (2007).

14. Windemer, R. Acceptance should not be assumed. how the
dynamics of social acceptance changes over time, impacting
onshore wind repowering. Energy Policy 173, 113363 (2023).

100.

102.

103.

104.

105.

106.

107.

108.

109.

15. Haac, R., Darlow, R., Kaliski, K., Rand, J. & Hoen, B. In the shadow of
wind energy: Predicting community exposure and annoyance to
wind turbine shadow flicker in the united states. Energy Res. Soc.
Sci. 87,102471 (2022).

116. Chiabrando, R., Fabrizio, E. & Garnero, G. The territorial and
landscape impacts of photovoltaic systems: definition of impacts
and assessment of the glare risk. Renew. Sustain. Energy Rev. 13,
2441-2451 (2009).

17. Pelser, T., Tsani, T., Weinand, J. & Stolten, D. Reverse viewshed
scripts for “Quantifying the trade-offs between renewable energy
visibility and system costs”. Jiilich DATA https://doi.org/10.26165/
JUELICH-DATA/PLNH9P (2024).

18. Ryberg, D. et al. Geospatial land availability for energy systems
(GLAES). GitHub repository https://github.com/FZJ-IEK3-VSA/
glaes (2018).

19. Ryberg, D. et al. RESKit - Renewable energy simulation toolkit for
Python. GitHub repository https://github.com/FZJ-IEK3-VSA/
RESKit (2019).

120. Klutz, T. et al. ETHOS.FINE - Framework for integrated energy
system sssessment. GitHub repository https://github.com/FZJ-
IEK3-VSA/FINE (2025).

Acknowledgements

We would like to thank Maximilian Hoffmann for his constructive
feedback on the preliminary version of this manuscript. The Helm-
holtz Association’s program “Energy System Design” supported T.T.,
T.P., R.M., S.R,, F.K., D.S. and J.M.W. for this work. Additionally,
funding from the European Union’s Horizon Europe research and
innovation program under grant agreement no. 101083460 (WIMBY)
supported R.McK. and R.C. for this work. We also express our grati-
tude to the Bodossaki Foundation, which provided support to R.1. for
this work.

Author contributions

Conceptualization, J.M.W., R.l. and T.T.; methodology, T.T., T.P., JM.W.,
R.l, R.M., S.R. and R.C.; formal analysis, T.T., T.P., R.M., and S.R.; data
curation, J.M.W., T.T. and T.P., writing—original draft, T.T., JM.W., R.I.,
F.K. and R.C.; writing—review and editing, J.M.W., F.K. and R.McK_;
writing—interactive feedback, R.McK. and D.S.; visualization, T.T., T.P.,
R.M., R.McK. and J.M.W.; funding, acquisition D.S.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-59029-1.

Correspondence and requests for materials should be addressed to
Tsamara Tsani.

Peer review information Nature Communications thanks Ahmed
Osman, Bernd Méller and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2025)16:3853

14


https://gdal.org
https://gdal.org
https://www.geodaten.sachsen.de/downloadbereich-digitale-hoehenmodelle-4851.html
https://www.geodaten.sachsen.de/downloadbereich-digitale-hoehenmodelle-4851.html
https://www.geodaten.sachsen.de/downloadbereich-digitale-hoehenmodelle-4851.html
https://doi.org/10.26165/JUELICH-DATA/PLNH9P
https://doi.org/10.26165/JUELICH-DATA/PLNH9P
https://github.com/FZJ-IEK3-VSA/glaes
https://github.com/FZJ-IEK3-VSA/glaes
https://github.com/FZJ-IEK3-VSA/RESKit
https://github.com/FZJ-IEK3-VSA/RESKit
https://github.com/FZJ-IEK3-VSA/FINE
https://github.com/FZJ-IEK3-VSA/FINE
https://doi.org/10.1038/s41467-025-59029-1
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59029-1

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:3853

15


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Quantifying the trade-offs between renewable energy visibility and system costs
	Results
	Reverse-viewshed maps and scenarios
	Renewable energy plants invisible from scenic and densely populated areas
	Impacts on system costs and energy transformation pathways

	Discussion
	Methods
	General approach
	Reverse-viewshed analysis
	Land eligibility and renewable energy potential assessment
	Energy system optimization
	Limitations and outlook

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




