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Abstract: Potential analyses identify possible locations for renewable energy installations, such as
wind turbines and photovoltaic arrays. The results of previous potential studies for Germany, how-
ever, are not consistent due to different assumptions, methods, and datasets being used. For example,
different land-use datasets are applied in the literature to identify suitable areas for technologies
requiring open land. For the first time, commonly used datasets are compared regarding the area and
position of identified features to analyze their impact on potential analyses. It is shown that the use
of Corine Land Cover is not recommended as it leads to potential area overestimation in a typical
wind potential analyses by a factor of 4.7 and 5.2 in comparison to Basis-DLM and Open Street Map,
respectively. Furthermore, we develop scenarios for onshore wind, offshore wind, and open-field
photovoltaic potential estimations based on land-eligibility analyses using the land-use datasets
that were proven to be best by our pre-analysis. Moreover, we calculate the rooftop photovoltaic
potential using 3D building data nationwide for the first time. The potentials have a high sensitivity
towards exclusion conditions, which are also currently discussed in public. For example, if restrictive
exclusions are chosen for the onshore wind analysis the necessary potential for climate neutrality
cannot be met. The potential capacities and possible locations are published for all administrative
levels in Germany in the freely accessible database (Tool for Renewable Energy Potentials—Database),
for example, to be incorporated into energy system models.

Keywords: solar-photovoltaics; wind; potential analysis; land-use data; 3D building models; energy
system modeling

1. Introduction

In 2015, the Paris Climate Agreement [1] was signed by 195 countries with the aim of
limiting global temperature increases to below 2 °C above pre-industrial levels. Germany
strengthened its ambitions to combat climate change in the Climate Protection Act of
2021 [2] by setting the goal of climate-neutrality in 2045. To achieve this target, the capacity
of renewable energy technologies must be greatly increased [3]. However, the specific
land requirements of renewable energy technologies as photovoltaic (PV) systems or wind
turbines exceed those of conventional power plants; therefore, larger areas will be needed
for the future energy supply. The eligibility and availability of construction areas constitute
a limiting factor and determine the region-specific potentials of renewable energy sources.
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Energy system models and corresponding studies can support the planning process of
future energy systems with high shares of renewable energy. However, the potentials or
renewable expansion goals significantly differ in national energy system studies and its
scenarios (see [3-9]), e.g., 80 GW and 230 GW in [5] and 364 GW in [3] for onshore wind.
However, information about methods, data sources, or assumptions is often lacking. As
energy system analyses can have different regional scopes and levels, internally consistent
potential data on different geographical levels are needed.

Regionalized potentials are estimated with potential analyses, which are sequentially
performed: First, eligible areas for the construction of renewable power installations are
determined. Then, on the basis of these areas, the potential capacity and energy generation
can be estimated. The definition of eligible areas, therefore, plays a crucial role in the
estimation of potentials. Depending on the technology, the calculation of eligible areas can
be performed with statistical formulas, e.g., using statistical data as population density,
with building models, or with land-eligibility analyses. For technologies requiring ‘open
space’, such as open-field PV and wind, the latter methodology is utilized, which requires
geospatial datasets. The results of the eligible areas and the potential capacity are, therefore,
influenced by these datasets; however, the impact has not yet been evaluated [10]. The
comparability of studies using different datasets is, therefore, unknown.

The impact of commonly used datasets on land-eligibility analyses are analyzed,
and scenarios for onshore, offshore wind, open-field PV, and rooftop PV potentials in
Germany are presented. The structure of the paper is two-fold: In the first part (Section 2),
analyses of open spaces’ potential for open-field PV and offshore and onshore wind are
presented. These are based on land-eligibility analyses (Section 2.1) using geospatial
datasets. We first evaluate land-use datasets in the context of the potential analyses in
Section 2.2, which closes a gap in the literature and also underlines the quality of the
following potential analyses. Then, we describe the state-of-the-art and methodology before
presenting the results and discuss the following technologies: onshore wind (Section 2.3),
offshore wind (Section 2.4), and open-field PV (Section 2.5). In the second part of the
paper, we present the analysis of rooftop PV’s potential in Section 3. Thereby, for the
first time, 3D building data are used to estimate the potential for Germany. For the
considered technologies, we compare the results to other potential studies to provide
insights into the impact of data sources, exclusion criteria and methodologies. The results
of our potential analyses were published in an open database (Tool for Renewable Energy
Potentials—Database (https://doi.org/10.5281/zenodo.6414018, accessed on 17 July 2022)),
with utility, for instance, for energy system modelers. The area and capacity potentials of
high quality and high resolution are provided for several scenarios per technology, and for
administrative levels spanning from the municipality to national levels in Germany.

2. Renewable Energy Potentials on Open Spaces

The following chapter presents analyses of the potential of renewable energy technolo-
gies that require open space. First, the general methodology and evaluation of the data that
were input for land eligibility analyses is presented in Sections 2.1 and 2.2, respectively. Af-
terwards, analyses were performed for the potential of onshore wind (Section 2.3), offshore
wind (Section 2.4), and open-field PV (Section 2.5).

2.1. Land Eligibility Analysis

The construction of renewable power generation sites requires eligible land. Therefore,
land eligibility analyses based on geospatial data were performed as the first step in open-
space potential analyses. Geospatial data were used to consider eligible areas, e.g., bare
land, or to extract the information needed to identify areas that were ineligible due to
criteria such as physical constraints, such as steep slopes, or regulatory constraints, such
as national parks. Some areas around certain land-use categories may also not be usable.
These can be considered by adding a buffer around the identified features. For instance,
the construction of wind turbines is not only ineligible for land-use categories such as
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settlements or streets but also within a certain distance around these areas. To perform the
land-eligibility analysis, the open source tool GLAES [11] was applied, which performs
the necessary operations using geospatial datasets to determine areas that are eligible
for renewable energy sites. We chose a resolution of 10m x 10m in the land-eligibility
analyses to ensure the representation of detailed features for high-resolution potentials.
As the chosen datasets have a significant impact on the results of the land eligibility analysis,
they are analyzed in the following section.

2.2. Evaluation of Land Use Datasets

To identify geographical features, land-eligibility analyses require geospatial datasets
that describe land characteristics, e.g., land use, elevation, and water depths. The quality
and resolution of the feature representation in the dataset, therefore, impacts the land-
eligibility analysis. For instance, missing represented urban areas in a settlement dataset
can underestimate areas that are excluded from the analysis of potential, and a coarse
resolution can either under- or overestimate areas, depending on whether the pixel is
mapped to a certain land-use category. For instance, a pixel representing a large area
could have different land uses, but only be mapped to one. However, even though the
datasets influence potential analyses, McKenna et al. [10] state that the impact of employing
different data sources has not been evaluated to date.

In the present section, the first comparison and evaluation of the potntial of the
following four land-use datasets is performed for the regional scope of Germany:

*  Basis-DLM [12]: Official German dataset with a high positional accuracy (between £3
and +15m depending on the feature).

e  Corine Land Cover (CLC) [13]: Land cover raster dataset with 100m x 100 m resolu-
tion. Available as a vector-representation, which is used in this section.

*  Open Street Map (OSM) [14]: User-based land-cover vector dataset.

e World Database on Protected Areas (WDPA) [15]: Vector dataset with information on
protected areas.

According to McKenna et al. [10], the CLC, OSM, and WDPA datasets are commonly
used global and continental datasets for potential analyses.

Two parameters are used to compare the covered area using dataset A(dataset) for
multiple land-use categories, which are meaningful for land-eligibility analyses. For exam-
ple, areas identified by the land-use category ‘Forest’ are compared for Basis-DLM, CLC,
and OSM. The first parameter is the Normalized Total Area (NTA) (Equation (1)): This
describes the area that was covered by a dataset compared to the maximum area covered
by any other dataset capturing the feature:

A(dataset;)

max(A(dataset;)
)

NTA(dataset;) = (1)

The second parameter is the Intersection over Union (IoU) of two datasets (
Equation (2)): It describes the area identified by both datasets divided by the area identified
when combining the two datasets. An Intersection over Union of 100% describes the
identified areas of two datasets as equal:

Al(dataset;) N A(dataset;)

A(dataset;) U A(dataset;) @

IoU(dataset ; ;) =

The analysis was performed using additional standard setback distances, which are
typically used for wind-potential analyses in the literature (see Supplementary Data).
To this end, the features, which were identified by a dataset, were buffered using the chosen
setback distances before calculating the Normalized Total Area and Intersection over
Union. By using these setback distances, the wind potential analysis can reach a conclusion.
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Furthermore, a rasterized representation of the datasets, with their corresponding setback
distance and a resolution of 10m x 10m, is used.

Figure 1 shows the results for the Normalized Total Area and the Intersection over
Union for the analyzed land-use categories.

The definition of the filter used to identify the respective features in each dataset can
be found in the Supplementary Information.

It must be stated that the WDPA only provides information on protected areas, and its
results are only comparable for these. Furthermore, the CLC does not include all presented
categories, such as features with narrow widths such as roads or power lines.

In the exemplary wind-potential analysis, OSM and Basis-DLM identify the largest
area and share the highest Intersection over Union for most categories. For the categories
of farmland, forests, mining, and grassland, which are identified by their larger contiguous
areas, the CLC classifies a similar area as Basis-DLM, which is identified by its large
Normalized Total Area. Nevertheless, the Intersection over Unions are only high (above
70%) for the categories of farmland and forests, which means that the identified areas
vary largely in the categories of mining and grassland. In the nature protection categories
(‘Nature Reserve’, ‘National Park’), WDPA and Basis-DLM identify almost identical areas,
which are recognizable through their Intersection over Unions of near 100%. The OSM-
identified national parks are comparable to WDPA and Basis-DLM; however, the nature
reserves show significant deviations from the Basis-DLM and WDPA.
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Figure 1. Comparison of the Normalized Total Area (NTA) (upper plot) and Intersection over
Union (IoU) (lower plot) per category for the covered area with additional setback distances of wind
potential-analysis for different data sources.

McKenna et al. [10] and Masurowski et al. [16] state that the land-use category settle-
ments (which are often synonymously used with residential land uses in land-eligibility
analyses) highly influence the potential analysis in Germany, which is why this category is
further analyzed.

For a typical setback distance of 1000m in Figure 1, the OSM covers the largest
area, followed by the Basis-DLM. Figure 2 shows how the Normalized Total Area and
Intersection over Union of the residential category behaves when the setback distance is
varied. Without any buffer, the OSM covers the largest area, closely followed by the CLC.
With increasing setback distances, the Normalized Total Area of the CLC first drops rapidly,
whereas the Normalized Total Areas of the Basis-DLM and OSM converge. This indicates
that the Basis-DLM and OSM classify more, but smaller, settlements in comparison to the
CLC. With increasing setback distances of above 600 m, the Normalized Total Area of the
CLC increases again, as the buffered areas around the smaller features identified by the
Basis-DLM and OSM exhibit increasing overlap. The similarity between the Basis-DLM and
OSM is also shown by their Intersection over Union, which increases over buffer distances
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of up to 88 %. The described CLC behavior in the residential category, on the other hand,
indicates that the representation of smaller detached settlements is missing, whereas larger
settlements are covered to a coarser extent. This can be explained by the relatively coarse
resolution of 100m x 100m found in the dataset and the minimum mapping unit (the
smallest size at which a feature can be identified by a dataset) of 25ha.
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Figure 2. Intersection over Union (bars) and Normalized Total Area (markers) for the residential
category for a variation of the setback distance.

Using CLC to classify residential areas can lead to the underestimation of excluded
areas and, therefore, an overestimation of potential areas, especially for typical setback
distances for wind potential analyses between 600 and 1000 m. Furthermore, CLC cannot
represent categories with small features or short widths due to its minimal mapping unit.
Therefore, the use of CLC for wind-potential analyses is not recommended.

The similarities between OSM and Basis-DLM can be seen for multiple categories,
e.g., power lines and motorways, in which the Normalized Total Areas and Intersection
over Unions are near 100%. For these categories, the use of both datasets is justified.

Figure 3 shows the results of a land-eligibility analysis with setback distances for the
exemplary wind potential analysis (see the Supplementary Material) for Basis-DLM, OSM,
and CLC. Analyses were performed for each dataset individually. To allow for comparison,
the individual dataset was only used for features included in all three datasets; otherwise,
a default dataset was applied for the exclusion (see Supplementary Data). Using CLC for
land-eligibility analyses leads to significantly different results. The total potential area
found when using the CLC is roughly 80% higher compared to that found using OSM and
Basis-DLM. However, the analyses conducted when using Basis-DLM and OSM, although
resulting in similar total areas, contained discrepancies in locating the areas, as indicated
by the Intersection over Union of 64%.
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Figure 3. Normalized Total Area and Intersection over Union for the resulting potential of areas with
a typical wind analysis using different datasets.

In summary, the presented analysis highlights the discrepancies in land-use declaration
when using different datasets, meaning that the results of potential analyses using different
datasets are hardly comparable. Furthermore, the analysis reveals the large sensitivity of
land-eligibility results regarding the chosen datasets, and the importance of data with a
high resolution and high positional accuracy for potential analyses.
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For the scenarios outlined in this paper and the enclosed database, WDPA is used for
the nature protection categories and Basis-DLM for most land-use categories in the land-
eligibility analyses. Further datasets [17-25] were employed for other individual categories
(e.g., water protection areas), but are not considered in this data analysis due to their lack of
comparability to other datasets. Their documentation can be found in the Supplementary
Data. Basis-DLM was selected due to its exhibited characteristics and is preferred over
OSM due to its official character, high positional accuracy, detailed documentation, and the
categories covered. Furthermore, for wind potential analysis, the residential areas are split
into inner and outer areas (Inner areas (“Innenbereiche”) to refer to coherent built-up areas
in accordance with §34 BauGB [26] and are modeled as the AX_Ortslagen features of Basis-
DLM [12]. The residential buildings and other residential areas are treated as areas without
a development plan (outer areas, “Aufienbereiche”). Inner and outer areas can be protected
differently, e.g., in the case of distance regulations for wind turbine constructions.), which
is not possible with the sole use of OSM.

2.3. Onshore Wind Potential
2.3.1. Literature

Onshore wind analyses are generally performed with a greenfield approach (see,
e.g., [4,27-36]). When applying a greenfield approach, all of the research subject’s area is
initially, i.e., before applying exclusion criteria, assumed to be available. Only Masurowski
et al. [16] proceed differently: First, initially available areas (pre-selected areas), such as
grassland and arable land, are selected, and then further exclusion criteria are applied.
For the considered studies, apart from the varying approach, the most influential differ-
ences correspond to the exclusion definitions, i.e., the used criteria and setback distances,
the used data sources (cf. Section 2.2), and the estimation of the installable capacity on the
determined eligible areas.

All of the cited studies pertain to residential areas. Nevertheless, the setback dis-
tances and the data sources significantly vary. Trondle et al. [28] use the European Set-
tlement Map [37] to identify built-up areas and exclude them without a buffer, whereas
Peters et al. [30] and LANUYV [31] differentiate the setback distance between inner (1000 m)
and outer areas (750, 720 m) for their analysis based on Basis-DLM, and Amme et al. [32]
use OSM [14] to identify residential areas and apply varying setback distances (400 to
1000 m). Masurowski et al. [16] specify 1000 m for housing areas but vary the setback
distance in their scenarios, without stating a data source. Others use CLC [13] to exclude
settlements with 800 m [33,38] to 1000 m [39]. Ryberg et al. [33] additionally exclude urban
areas from EuroStat Urban [40] with 1200 m setback. Liitkehus et al. [34] exclude residential
areas with 600 m based on DLM250 [41]. Moreover, area-based residential, settlement,
and urban exclusions of individual residential buildings are specified in two regional
potential analyses [4,31,35].

Another frequently discussed topic is the construction of wind turbines in forests.
The missing consensus in the legislation of the federal states can also be observed in the
literature, i.e., Thuringia generally forbids the use of forests for wind turbines, whereas,
in other federal states, the construction of these in forests is ongoing [42]. Ruiz et al. [27]
exclude forests in the land eligibility analysis, whereas others [28,33] allow for construction
in forests. Other studies treat forests in a differentiated manner. Coniferous forests in
densely wooded municipalities are cited in the LANUV report [31]. Amme et al. [32]
and Peters et al. [30] consider scenarios that include and exclude forests. Meanwhile,
Ebner et al. [29] exclude forests in one scenario and allow for the construction in 10% for
another. Wiehe et al. [36] successively reduce the usable parts of forests in their more
restrictive scenarios. Liitkehus et al. [34] exclude forests in federal states with less than 15%
forest shares. Furthermore, selective exclusions are performed based on the function of the
forest.

Inconsistencies can also be seen for protected landscapes (Protected landscapes are
areas protected by the German Federal Nature Conservation Act for its natural-ecological
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and cultural-social value [43]), which are a highly influential exclusion (28% of Germany’s
area [15]). Several studies [30,32,34,36] regard protected landscapes differently in different
scenarios, whereas others [33,35,38] generally rule out the construction of wind turbines in
protected landscapes.

After determining the eligible areas, a few studies further reduce these, either by a
certain share [28,29] or based on suitability factors [38,39] per CLC land-use category [13].

Based on the identified eligible areas, their capacity can be estimated. To this end,
two different methods are utilized: The majority of analyzed studies [4,16,29,31,34-36]
distribute turbines to eligible areas using a spacing distance specified by a multiple of the
rotor diameter (D) in prevailing and transverse wind directions between the individual
turbines. The turbine spacing ranges from 5D to 9D in the prevailing wind direction
and 3D to 4D in the transverse direction. In contrast, others use fixed capacity densi-
ties, e.g., 5 MW /km? [27], 8 MW /km? [28], and 21 MW /km? [32]. SensfuR et al. [39] and
McKenna et al. [38] regionally vary the capacity density.

2.3.2. Methodology

The available area for onshore wind was determined using a greenfield land eligibility
analysis (see Section 2.1). To this end, five different scenarios are defined:

¢ 51 Legislation: The exclusions are defined according to the laws of Germany’s federal
states based on [44] and own corrections.

e  S2Expansive: Wind expansion favoring exclusions including forests and protected land-
scapes;
52a No Protected Landscapes: S2, excluding protected landscapes;
52b No Forests: 52, excluding forests.

*  S3 Restrictive: Restrictive exclusions.

In scenario 1, federal state-specific exclusions are applied. The exclusions for each
federal state are defined in accordance with Fachagentur Wind an Land [44], with expert-
based corrections and additions for keys that cannot be directly retrieved from Fachagentur
Wind an Land [44]. The definition of all exclusions can be found in the Supplementary
Data.

In scenarios 2, 2a, 2b, and 3 nation-wide exclusions are applied. Scenario S2 Expansive
refers to typical buffers at the lower end of the federal state’s legislation. The definitions
can be found in the Supplementary Data. Additionally, the construction of wind turbines
in forests is allowed. Scenarios 2a and 2b build upon scenario 2, but restrict construction in
protected landscapes and forests. Scenario 3 refers to exclusions on the higher end of the
setback distances in the legislation. Table 1 displays the most relevant of these.

Inner areas and outer areas are an influential exclusion. In the case of some federal state
laws, residential areas in outer areas with a statute (Auflenbereichssatzung) are protected in
an identical manner to inner areas. For Scenario 1, we assume that all residential buildings
are protected by such a statute.

Following the land-eligibility analysis, areas smaller than 0.01 km? are excluded.

Table 1. Selected exclusion criteria for the scenarios of the wind onshore potential analysis.

Criterion Data Source s11 S22 S2a 22 S2b 2P S33
Inner areas Basis-DLM [12]  individual * 1000 m 1000 m 1000 m 1000 m
Residential buildings, outer areas ~ Hausumringe [45] individual * 3H 3H 3H 1000 m
Forests Basis-DLM [12]  individual* notexcluded notexcluded Om Om
Protected Landscapes WDPA [15] individual *  not excluded Om not excluded Om

151 Legislation; 232 Expansive; 2a 524 No Protected Landscapes; 2b g2 No Forests; 3 S3 Restrictive. * federal
state-specific exclusions.

To estimate the capacity potential, we classify turbines with GLAES [46] in the eligible
areas. To this end, a spacing distance of 8D x 4D is used. A typical low wind (wind class
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IEC IIIB) 4.7 MW turbine with a 155 m rotor diameter and 120 m hub height is used as the
reference turbine model.

2.3.3. Results & Discussion

Table 2 shows the main results of the scenarios at the national level. In Scenario
52 Expansive, 7.25% of Germany’s area is usable for wind turbines, which leads to a
capacity potential of 403 GW. Figure 4 visualizes its capacity density per municipality
in relation to the area of the municipality. The potentials are evenly distributed over
Germany; only North Rhine-Westphalia has larger areas without any potentials due to its
high population density.

Table 2. Results for the scenarios of the onshore wind potential analysis at the national level.

s11! S22 S2a 23 S2b 2b S33

Area [km?2] 24,663 25,938 17,613 10,056 3923

Area Share [%] 6.89 7.25 4.92 2.81 1.10
Capacity [GW] 385 403 287 241 90

Density on eligible areas [%] 15.6 15.5 16.3 239 22.8

g1 Legislation; 282 Expansive; 2a §23 No Protected Landscapes; 2b 521 No Forests; 3 S3 Restrictive.

Capacity [MW/km?]

Lo

Figure 4. Potential capacity density of onshore wind for scenario S2 Expansive per municipality in
Germany. The capacity density is determined by the potential capacity in relation to the total area of
the municipality.

Scenario S3 Restrictive leads to only 90 GW on 1.1% of Germany’s land. The capacity
densities in the scenarios S1 Legislation, S2 Expansive, and S2a No Protected Landscapes
are smaller than they are in scenarios S2b No Forests S2b and S3 Restrictive, due to the
larger contiguous areas in the scenarios not excluding forests, i.e., S1, S2, and S2a. In the
larger areas, the distance between the turbines is more apparent as smaller areas naturally
have spaces between them.

Two potential analyses at the federal state level [31,35] are used to validate the work-
flow. To this end, the same datasets and the same exclusion definitions are used. The area
potential adds up to 103.3% and 96% in relation to the study in Baden-Wiirttemberg [35]
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and Northrhine-Westphalia [31], respectively. When compared with the Landesanstalt fiir
Umwelt Baden-Wiirttemberg [35], an Intersection over Union of 79.3% is achieved. The
differences can be explained by the versions of Basis-DLM [12] and unclear definitions of
single exclusions.

Figure 5 shows the range of 68 GW to 1188 GW of onshore wind potential values in
the literature. The results are influenced by the use of different datasets (see Section 2.2),
exclusion definitions, area correction factors, and capacity estimation methods.
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Figure 5. Comparison of onshore wind potentials for studies providing capacity potential at the
national level. (References: Trondle et al. [28], Ruiz et al. [27], McKenna et al. [38], Amme et al. [32],
Liitkehus et al. [34]).

Ruiz et al. [27], Trondle et al. [28] and McKenna et al. [38] utilize, amongst others,
CLC for land-use classification, which we show to be problematic for potential anal-
yses (Section 2.2). Furthermore, Trondle et al. [28], in technical-social scenarios and
McKenna et al. [38] correct the estimated areas using correction and suitability factors
for land-use categories, respectively. These approaches are not comparable to our results,
which clearly indicate locations as being either eligible or ineligible. Amme et al. [32]
outlined a scenario excluding residential areas with a 1000 m setback distance as well as
protected landscapes, but allowing forests, which is comparable to our scenario: S2a No
Protected Landscapes. By comparing the results, Amme et al. [32] exceed the presented
eligible area and capacity by factors of 2.47 and 3.18, respectively. Liitkehus et al. [34] use
comparably low setback distances, e.g., 600 m to inner areas, and do not exclude residential
buildings, leading to their having the highest capacity potential of the considered studies.
This emphasizes the impact of the chosen exclusion criteria and setback distances. Further-
more, they use the land-use dataset DLM250 [41] with a positional accuracy of 100 m,
which can lead to inaccuracies when identifying features.

There is no consensus on exclusions and setback distances in wind potential analyses.
One exclusion criterion used by all of the cited studies is residential areas. Nevertheless,
individual residential buildings are often neglected due to data availability issues. In our
scenarios, neglecting residential buildings leads to significantly higher capacity potentials
(27%, 9%, 10%, 12%, and 34%). For regional or federal state analyses, this error is even
more apparent: For example, in Schleswig Holstein, the potential is overestimated by 56%,
25%, 25%, 27%, and 100%. To the authors’ knowledge, no national potential analysis with
published results has excluded buildings. In future work, a focus on sensitivity regarding
exclusion definitions could help to make such effects more transparent. Additionally,
the sensitivities of certain exclusion criteria, e.g., forests or buildings, could help legislators
to quantify the impact of their decisions. Our restrictive scenario results in a potential
of 90 GW, which is not sufficient to reach Germany’s climate goals according to different
studies [3-5,9] and underlies the importance of liberal legislation regarding wind expansion.
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Furthermore, the chosen turbine has a large impact on the capacity density, as well as
on the land-eligibility analyses via height- or diameter-dependent exclusions. We selected
a typical wind turbine for low wind speeds (cf. Section 2.3.2). When using a turbine for
medium wind speeds (IEC II, 5 MW capacity, 145 m diameter) with the same hub height,
the capacity potential increases by 16.2%, to 19.5%, in our scenarios. In future, site-specific
turbine selection could help improve the results in this regard and sensitivity analyses
could be performed for the turbine design and the spacing between turbines. Nevertheless,
with respect to the chosen low wind-speed turbine, the results are still robust. Only 2% and
29% of the determined locations, respectively, reach an average wind speed IEC II wind
class in 100 m and 150 m height [47].

2.4. Offshore Wind Potential
2.4.1. Literature

The following section provides an overview of the offshore wind potential analyses
found in the literature. The regional coverage of the analyzed studies varies between
global [48,49], European [27-29,50] and national [4] studies. As a first step in the potential
analyses, eligible areas are determined. Most studies [27-29,49-51] use greenfield ap-
proaches, initially considering the sea to be eligible and applying exclusion criteria. Sensfufs
et al. [52], however, followed a mixed approach of greenfield analysis and pre-selected
areas in their global analysis. For Germany, 80 % of the declared offshore wind areas in 4C
Offshore [53] were used as pre-selected areas. Luderer et al. [4] considered the wind farm
areas of the draft of the Area Development Plan 2020 [54] and areas of existing plants [55]
as pre-selected.

The studies that follow the greenfield approach often use similar exclusion crite-
ria, but differ in terms of dataset, methods, and buffer distances. Common exclusion
criteria include, amongst others, distance to shore, sea depth, protected areas, shipping
routes, and infrastructures. The minimal distance to shore varies between 10 km [49] and
22.2km [27]. The exclusion of areas with large sea depths differs between depths lower
than 50 m [27,28,50], 100 m [27], 1000 m [29,49,51], or unlimited [50]. Shipping routes are
excluded by Ruiz et al. [27] and Caglayan et al. [51] based on the Halpern et al. [56] dataset,
which addressed the likelihood of ships. Furthermore, Caglayan et al. [51] manually
exclude known routes with a buffer of 4km. Ebner et al. [29] exclude shipping routes,
without noting a methodology or data source. Additionally, certain studies [27,49,51]
exclude infrastructure, e.g., cables and pipelines with buffers from 500 m [51] to 7.4 km [27].
After applying the exclusion criteria, Zappa and van den Broek [50] and Tréndle et al. [28],
in their technical-social scenario, reduce the resulting eligible areas to 20 % and 10 %, re-
spectively. Zappa and van den Broek [50] explain the reduction by a set factor due to
missing exclusion categories.

The potential offshore wind capacity can be estimated for the eligible areas. Most
presented studies employ an aggregated method with capacity density factors rang-
ing from 3.14 MW/ km? [49] to 15 MW /km? [28]. Ebner et al. [29] reduce 14 MW /km?
to 5MW /km? due to a deviation in the results by a factor of 3 from the German Bundes-
fachplan 2017 [57,58]. Other studies [4,52] use a variable capacity density per eligible area.
Only Caglayan et al. [51] employed a placing algorithm for wind turbines with a turbine
spacing of 10D x 4D.

2.4.2. Methodology

The offshore wind potential analysis was performed for federal states in the coastal sea
and Exclusive Economic Zones (EEZ) in the Northern and Baltic sea areas. Four different
scenarios were considered:

¢ 51 Expansive: Greenfield analyses with offshore wind expansion favoring exclusions
Sla Military: S1, including the usage of military areas.

e  S2 Legislation: Current priority and reservation areas for offshore wind in legislation.

* 53 Restrictive Legislation: Current priority areas for offshore wind in legislation.



Energies 2022, 15, 5536

11 0f 25

The Low-Exclusion Scenarios S1 and Sla are greenfield approaches that use exclusion
criteria with comparably low exclusion definitions. The following describes the main
exclusions; full information about these can be found in the Supplementary Data. Areas
within 15 km of the shore and 500 m of the sea border to neighboring countries are con-
sidered ineligible. To address shipping land use, declared priority shipping areas of the
current legislation of the EEZ [59] and federal states [60—-62] were excluded with a buffer
of 500 m. Furthermore, infrastructure facilities, e.g., cables and platforms, were excluded
by CONTIS [63] with 500m. The scenarios S1 Expansive and Sla Military differ in the
consideration of designated military areas, which cover a significant share of the German
coastlines. As military areas overlap with designated wind areas in the current legislation,
the exclusion of all military areas is not realistic. However, the exclusion of individual
sub-areas is not possible due to a lack of indications regarding the suitability of mixed
use. Only Scenario S1 Expansive further excluded declared military areas according to
CONTTIS [64] and ROP [59].

The scenario S2 Legislation considers all designated areas for offshore wind as pre-
selected areas, whereas scenario S3 Restrictive Legislation only considers the priority and
conditional priority areas. The definition of these areas is based on the current legislation
of the EEZ [59], Lower Saxony [60], and Mecklenburg-Western Pomerania [61]. Schleswig
Holstein and Hamburg do not designate areas for offshore wind [65,66]. The legislation
scenarios S2 and S3 further apply the infrastructure exclusions described in Low-Exclusion
Scenarios S1 and Sla.

After employing the exclusion scenarios, eligible areas with a resulting size smaller
than 0.1 km? were excluded.

The potential capacity of the scenarios is estimated with a similar approach as that
used for onshore wind (Section 2.3.2) by using the turbine placement of GLAES [46] and a
turbine spacing of 8 D x 4 D, respectively. A reference turbine with a capacity of s MW and
a rotor diameter of 167 m is used.

2.4.3. Results & Discussion

The results of the offshore potential analysis at the national level are presented in Ta-
ble 3 and show a range between 34.1 GW (S3 Restrictive Legislation) and 99.6 GW (S1a Mil-
itary).

Table 3. Results for the offshore wind potential analysis at the national level.

s11 Slala S22 833

Area [km?] 7353 9275 5174 3182

Area Share [%] 13.07 16.48 9.19 5.65
Capacity [GW] 79.1 99.6 55.8 34.1
Density on eligible areas [}1%] 10.75 10.74 10.79 10.71

1'S1 Expansive; 1# Sla Military; 2 S2 Legislation; and 3 S3 Restrictive Legislation.

It is possible to increase the potential of the current legislation, i.e., S2 and S3, by lim-
iting other declared land uses, such as shipping or military areas. However, the possible
increase in capacity potential differs between the Northern and Baltic seas. From scenario
52 legislation to S1 expansive, the potential is increased by 21.6 GW in the North Sea and
1.6 GW in the Baltic. When comparing S2 legislation to Sla military, the increase in ca-
pacity is higher, with 39 GW and 5GW, respectively. Thus, by redefining and limiting
other declared land uses in legislation as military or shipping areas, further areas could
be designated for offshore wind, especially in the North Sea. Future work could critically
revise these areas or consider their combined usage with offshore wind projects.

Furthermore, the reference turbine impacts the capacity potential. To quantify the
impact, Scenario S1 was recalculated with a 11 MW turbine (200 m rotor diameter). The ca-
pacity potential decreased by 1.4 %; however, 28.27 % fewer turbines are required. In the
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future, site-specific turbine designs and a sensitivity analysis for turbine selection could
be applied.

The results of the presented scenarios are compared to the literature in Figure 6.
The scenarios S1 expansive and Sla military follow the greenfield approach, which is
comparable to all considered studies, except for that of Luderer et al. [4]. Luderer et al. [4],
who use the same designated wind farm area of BSH leading to 56 GW, had comparable
results to 55.8 GW in the present scenario, S2 Legislation.
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Figure 6. Comparison of offshore wind potentials for studies providing capacity potential at the
national level. (References: Ruiz et al. [27], Trondle et al. [28], Luderer et al. [4], Caglayan et al. [51],
Bosch et al. [49]).

For the greenfield analyses, none of the presented studies use the official German data,
e.g., data for shipping or military areas. Two Ruiz et al. [27] scenarios and the technical-
social scenario of Trondle et al. [28] even undercut the potential capacity results of our
scenarios: S2 legislation and S3 restrictive legislation. Ruiz et al. [27], in their low-exclusion
scenario, and Bosch et al. [49] have capacity potentials that are comparable to Sla. However,
as the capacity densities of our study are around two and three times higher than their
studies, respectively, this indicates that there are significantly fewer eligible areas in our
scenarios. The comparisons show the impact of data sources, exclusions, and capacity
densities on land-eligibility analyses and capacity estimations.

2.5. Open-Field Photovoltaic Potential
2.5.1. Literature

Although wind potential analyses mostly use greenfield approaches in landeligibility
analysis (see Section 2.3), open-field PV potential analyses often first consider pre-selected
areas as being eligible and then apply further exclusion criteria [4,27-29,32,67-69]. Only a
few potential analyses choose a greenfield exclusion approach [30,70].

However, as the pre-selected areas highly differ accross studies, several examples are
presented: Ruiz et al. [27] and Trondle et al. [28] estimate the potential for Europe and
consider land-use categories as pre-selected areas, which leads to a high area potential for
open-field PV. Ruiz et al. [27] define, amongst others, bare land, some cropland, and some
eligible classes of vegetation, and use a combination of Global Land Cover [71] and Corine
Land Cover [13] to identify these. This leads to an initial eligible area of 44% of Germany,
from which a share of 3% is considered eligible in another scenario. Trondle et al. [28]
consider 10% of bare and unused land defined by GlobeCover2009 [72] as pre-selected areas
in a technical-social potential analysis. Lux et al. [67] define certain shares of categories of
CLC [13] eligible, e.g., 16% of bare land and 2% of bushland. Meanwhile, Ebner et al. [29]
consider agriculture and grazing land identified by CLC [13] in less-favored regions [73] as
eligible for technical potential. However, this is further reduced to 7% of the pre-selected
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area, which is 50% of the area share that is currently used for energy crops. Several studies
with the scope of Germany follow the legislation of the Renewable Energy Act (EEG) [74].
Amongst other areas, the EEG considers less-favored areas and side strips of motorways
and railways to be eligible. The potential areas along side strips are either defined by a
110 m width, in accordance with EEG 2017 [75], or a 200 m width, in accordance with EEG
2021 [74], minus a 15m animal migration buffer. Luderer et al. [4] also use side strips,
but consider 185 m around the line objects of OSM, therefore neglecting the width of the
road and the animal migration corridor. Furthermore, they consider agricultural land
with poor soil quality, which is defined with the dataset Soil Quality Rating (SQR) [76]
and a threshold of 40. Amme et al. [32] similarly consider less-favored areas, but also
consider side strips with a width of 500 m, which corresponds to 2.7 times the current
legislation. Agricultural land with a soil quality rating higher than 40 are excluded within
the side strips. Other EEG-favored areas are also neglected due the availability of data and
small resulting areas. Several studies perform potential analyses at the federal state level
in Germany, e.g., Seidenstiicker [69] for North Rhine-Westphalia and Landesanstalt fiir
Umwelt Baden-Wiirttemberg [68] for Baden-Wiirttemberg. Both studies use input datasets
with local coverage and high resolutions, e.g., Basis-DLM [12], and estimate the potential
for the side strips of 110 m of railway and roads in accordance with the legislation of EEG
2017 [75].

After defining the pre-selected areas, further exclusion criteria can be applied, resulting
in eligible areas of various shapes and sizes. As it is not economically feasible to install
open-field PV sites in small eligible areas, several studies exclude areas smaller than a
certain threshold. The threshold can vary in the range from 500 m? [69] to 100,000 m? [32].

As the second step of the potential analysis, the installable open-field PV capacity
on eligible areas is estimated. Open-field PV potential analysis uses an empirical factor
of the capacity density in MW /km?2. However, the literature reports a high range, from
40 MW /km? in [29] to 300 MW /km? [27]. Ebner et al. [29] explain the factor of 40 MW / km?
based on an aerial photo evaluation of existing open-field PV systems. Trondle et al. [28]
explain their value of 80 MW /km? with a module efficiency of 16% and 50% area reductions
by row placements to prevent shadowing. Seidenstticker [69] assume a module efficiency
of 17% and an area reduction of 50% for slopes less than 20°, leading to 8SMW/ km?2.
Wirth [77] reports a value of 100 MW /km? based on row spacing and a module efficiency
of 20%.

2.5.2. Methodology

In the first step of the potential analysis for open-field PV pre-selected areas are con-
sidered eligible, followed by further exclusions. To this end, three scenarios are regarded:

*  S1Side Strips: Side strips of motorways and railways in accordance with the subsidy
areas of the EEG 2021 [74].

*  S2Poor Soil: Arable land with barren soil based on the Soil Quality Rating (SQR) of [76].

¢  S3 Combination: Side strips, for which arable land is restricted to SQR < 40, and S2.

Scenario S1 Side Strips estimate the potential of the side strips of motorways and
railways. Their routes and widths were identified by Basis-DLM [12]. Then, side strips of
200 m were used, from which 15 m on the inside is subtracted for animal migration. The
remaining area represents the pre-selected area.

Scenario S2 Poor Soil pre-selects arable land with bad soil quality based on the SQR
dataset [76]. The SQR threshold was chosen to be 30 based on pre-analysis. Figure 7 shows
the area potential and share of arable land for SQR limits between 20 and 50. As is shown in
Section 2.5.1, other potential studies use a threshold of 40, which results in 6.28% of arable
land. We assumed this to be too ambitious due to land-use conflicts with the cultivation of
arable land, and therefore chose the threshold of 30. All areas up to a selected SQR value
were intersected with the arable land in Germany from Basis-DLM [12] due to the 100m X
100 m resolution in the BGR rating [76].



Energies 2022, 15, 5536

14 of 25

§ 15 e
= £
o 15,000 X
210 T
n b=
° - 10,000 E’
E 5 . O
P 5000 G
Q 1]
S <
< 0 : ! . | . 0
20 25 30 35 40 45 50

Soil Quality Rating [-]

Figure 7. Sensitivity analysis of the Soil Quality Rating threshold for arable land in the land-eligibility
analysis for open-field PV.

Scenario S3 Combination is a combination of a pre-selection using side strips and
arable land with barren soil. As side strips are considered less valuable than other areas,
arable land with SQR values of less than 40 was excluded. On all other arable land, only
SOR values of less than 30 were used in pre-selection. It should be noted that land uses
other than agricultural inside the side strips were not restricted by the SQR rating.

After identifying pre-selected eligible areas for each scenario, unsuitable areas within
these were deducted according to the further exclusion criteria. Table 4 displays the most
relevant exclusions. The definition of all exclusions can be found in the Supplementary
Material. After the land-eligibility analysis, eligible areas smaller than a threshold of
5000 m? were excluded for economic reasons, which lies within the range of the presented
literature (see Section 2.5.1). However, this area threshold leads to a deviation of eligible
areas at different regional levels. Areas may become ineligible if they are split by a border to
a size lower than the threshold size, whereas those at a higher regional level are still eligible.
For the three scenarios, this leads to a capacity deviation from 1.3% to 1.5% between the
federal state and the municipality level.

Table 4. Selected exclusion criteria for the scenarios of the open-field PV potential analysis.

Criterion Data Source S1 Side Strips S2 Poor Soil S3 Combination
Forests Basis-DLM [12] 10m 10m 10m
All Buildings Hausumringe [45] 10m 10m 10m
Arable land Basis-DLM [12], SQR [76] not excluded SQR > 30 SOR > 30, Sidestripes: SOR > 40
Motorways, Railways Basis-DLM [12] 15m 200 m 15m

As a next step in the potential analysis, the installable capacity on the eligible land
was estimated. Therefore, the eligible areas and their size Aoppy were extracted. This area
can be converted by applying a capacity density, as described in Equation (3):

Porpy = Joc Je . Aorpy = 792MW/km? - Aoppy 3)

Acoverage

where fgc = 0.5 and f. = 0.72 [78] were used to take the ground coverage of the modules
and construction-related obstructions into account. acoperage = 4.55 m?/kW is the direct
module coverage, which corresponds to an efficiency of 0.22, in line with current high-end
modules [79,80].

2.5.3. Results & Discussion

The results at the national level for the potential area and the capacity of the scenarios
are shown in Table 5. The capacity potential varies between 123.6 GW,, in S2 Poor Soil
and 456.1 GW}, in S1 Side Strips. Figure 8 visualizes the capacity density for the scenario
S3 Combination per municipality in relation to the area of the municipality. Noticeably,
the potential concentrates in regions in Thuringia and lower saxony.



Energies 2022, 15, 5536 15 of 25

60
50

—

40 "¢

X

=

=

30 =3

>

i)

'O

]

&

20 §
- 10

—0

Figure 8. Potential capacity density of openfield photovoltaic for the scenario S3 Combination per
municipality in Germany. The capacity density is determined by the potential capacity in relation to
the total area of the municipality.

To validate the presented workflow, two potential analyses at the federal state
level [68,69] were used, due to their high spatial resolutions and use of local data. Similarly
to Side Strips S1, the studies consider pre-selected areas at the sides of roads and railways.
Using similar exclusion criteria and datasets as the corresponding studies, an Intersection
over Union of 81.38% was achieved for Landesanstalt fiir Umwelt Baden-Wiirttemberg [68]
and 87.88% for Seidenstticker [69]. The area potential of the presented workflow in relation
to that reported by [68] and [69] is 88% and 103%, respectively.

Table 5. Results for the scenarios of the open-field PV potential analysis at the national level.

s1! S22 833
Area [km?] 5723 1560 4373
Area Share [%] 1.60 0.44 1.22
Capacity [GWp] 456.1 123.6 347.7
No. of Municipalities in Germany 11,003 11,003 11,003
. with pre-selected areas 5667 1892 6446
. with potential 5253 1711 5939

151 Side Strips; 282 Poor Soil; and 3 $3 Combination.

Differences between the results of the studies and this paper arise due to the different
land cover datasets and unclear definitions of single exclusions.

As shown in Figure 9, the literature provides a wide range of 90 GW,, [28] to 1285 GW/, [27]
as capacity potentials for open-field PV because the pre-selected areas, used datasets, area reduc-
tion factors, and applied exclusion criteria widely differ between the studies (cf. Section 2.5.1).
Furthermore, the capacity density factors varied greatly between the studies, which leads to
further deviations. Ruiz et al. [27] and Trondle et al. [28] used set shares, 3% and 10%, respec-

tively, of large land-use categories for the land-eligibility analyses, and are not comparable with
our scenarios.
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Methodology-wise, our scenarios are only comparable to Amme et al. [32]. For the
presented SQR scenario, the higher potential capacity of Amme et al. [32] can be explained
by its higher SQR threshold. For the side strips’ scenario, Amme et al. [32] use side
strips that are 2.7 times the width of the current legislation. Nevertheless, by additionally
excluding areas with an SQR higher than 40, the resulting capacity is lower than it is in our
scenario S1 Side Strips.
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Figure 9. Comparison of open-field PV potentials for studies providing capacity potential at the
national level. (References: Trondle et al. [28], Amme et al. [32], Ruiz et al. [27]).

The presented workflow could be further extended by considering other subsidy-areas
of the Renewable Energy Act [74], such as dumps and landfills, as pre-selected areas.
Furthermore, categories beyond the scope of the current legislation could be chosen as
pre-selected areas. However, there is no consensus in the literature regarding eligible
land-use categories and considering entire categories as eligible tends to lead to high
potentials, as in Ruiz et al. [27]. Such high area shares are critical due to the land-use
conflicts they can induce: whereas wind turbines only occupy a share of their designated
areas, open-field PV plants cover most of their appointed ones, which can lead to conflicts
with, for example, agricultural land use. Furthermore, legislation has a significant impact
on the distribution of potentials. In open-field PV scenarios, many municipalities have no
potential (cf. Table 5), due to the limitation to municipalities with subsidy-eligible areas.
This can lead to unequally distributed economic benefits among municipalities, as well
as higher resistance in society due to, for instance, visual impacts. As the results are also
highly sensitive to the chosen capacity density factor, one avenue of further work could be
to incorporate future system designs. Additionally, the effect of placing the modules flat or
in an east-west orientation without any row-spacing could be analyzed.

3. Rooftop Photovoltaic Potential

In the following chapter, the assessment of rooftop PV potential for Germany is dis-
cussed. First, an overview of the literature is presented (Section 3.1). Then, the methodology
for extracting potential from 3D building data is described (Section 3.2). The results are
then presented and discussed (Section 3.3).

3.1. Literature

Rooftop PV potential analyses can be classified by their geographical extent and the
resolution of their results [81,82].
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The resolution of different approaches can be split into high, medium, and low levels.
High-level approaches, which can assess the potential for individual buildings include,
for example, image recognition techniques [83-86] or workflows using 3D building mod-
els [87-91]. For instance, Grothues and Seidenstticker [87] determine all roof geometries in
North Rhine-Westphalia on the basis of laser scan data at 0.5m x 0.5 m resolutions. Low-
and medium-level approaches mostly base their analysis mostly on statistical data and are,
therefore, limited to the assessment of potentials for the regional scope of the data, e.g., to
regions, countries, or raster resolution [27-30,82,92-95]. Trondle et al. [28], for instance,
use population data from the European Settlement Map [37] to estimate roof areas and
calibrate them with data from sonnendach.ch [96]. Meanwhile, Ruiz et al. [27] use CLC [13]
data to identify residential and industrial areas in which they estimate roof areas based on
fixed factors.

The geographical extent of these analyses varies from single buildings to continent-
wide. Statistical approaches are mainly used to perform large-scale analyses, such as at
national [29,30,82,95] or continental scales [27,28,94]. However, more recent studies were
able to apply high-level methodologies to the national scale. Walch et al. [89] use LoD2 3D
data to extract rooftop PV potential in Switzerland. To this end, they calculated the area and
orientations of 9.6 million rooftops directly from the data. Luderer et al. [4] estimated the
rooftop PV potential in Germany at the municipality level by correlating it with building
footprints in a region. Similarly, Wiehe et al. [36] used building footprints in Germany and
building use to estimate generation potential. Eggers et al. [97] use LoD1 building models
(without information on rooftop geometry) to estimate German rooftop PV potential.

Approaches, that use data without information about superstructures, e.g., chimneys
and windows, on roofs to estimate the available roof area, utilize reduction factors to adapt
the potentially usable areas. Mainzer et al. [82] use a factor of 0.58 to exclude obstacles on
roofs and in areas with too much shadowing. In turn, Fath et al. [90] differentiates between
flat (0.7) and tilted (0.75) roofs based on the work of Kaltschmitt [98]. The International
Energy Agency (IEA) [99] determines a factor of 0.6 for constructions, shading, and his-
torical elements. Walch et al. [89] estimate the factor from LoD4 data in Geneva (38,000
roofs) with a machine learning approach for other LoD2 building models and estimate
the factor to be between 0 and 0.8 depending on the roof size and tilt. Portmann et al. [96]
distinguish between flat (0.7) and tilted (0.42-0.8) roofs, for which a differentiation between
roof size and category is carried out. Eggers etal. [97] use a factor of 0.486 to account
for obstructions, shading, and inefficiencies when placing the modules. Wiehe et al. [36]
assume that 60% of the roof area on residential and 80% of the roof area on industrial and
commercial structures is usable. Grothues and Seidensttiicker [87] estimate the impact of
obstructions directly based on a highly resolved (0.5m x 0.5m) digital elevation model.

In contrast to land eligibility analyses (see Section 2), in which a clear workflow has
been established, the methodologies between different rooftop PV potential analyses vary
greatly. Many high-resolution approaches have been used to estimate potential on a smaller
geographical scale. To the best of the authors” knowledge, no rooftop PV potential analysis
has been performed using 3D building models with roof geometries for all of Germany.

3.2. Methodology

In the present study, we used 3D building models based on LiDar in the CityGML
format with level of detail (LoD) 2 [100] of the Bundesamt fiir Kartographie und Geodésie
(BKG) [101] (high resolution) to estimate rooftop PV potential in Germany (high geographi-
cal extent). To this end, 93.1 million roofs were evaluated to estimate Germany’s rooftop
PV potential. LoD2 corresponds to simplified building geometries with standardized
roof shapes [102]. Therefore, the orientation of the roof, i.e., the tilt and azimuth, can be
estimated. However, information regarding superstructures reducing the usable area for
rooftop PV was missing.
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In order to extract tilt and azimuth from roof geometries, the normal vector on the
plane of the geometry was determined. The north-based azimuth is defined as the angle
between the north vector and x-y part of the normal vector:

azi = arccos (7 -10,1, O]T) 4)

The tilt can be determined by calculating the angle between the z-vector and normal
vector:
tilt = arccos(?> -[0,0, 1]T) (5)

To further estimate the potential to install PV modules on rooftops, as a first step, the
area of the roof geometries was directly retrieved from the data. However, the usable area
for rooftop PV was limited by shading or obstacles such as windows or chimneys, which
was considered by incorporating a factor. In this paper, the factor was set to facae, = 0.6,
which is in accordance with the literature values. The capacity potential of individual roofs
was estimated by applying a module coverage of Acoverage = 4.55 m?2/kW (see Section 2.5.2).
Moreover, roofs with tilts lower than 10° were assumed to be flat. Modules on flat roofs were
placed in a southerly direction with an optimal tilt angle, in accordance with Ryberg [70].
For row-spacing on flat roofs, an additional factor of facgs = 0.5 was employed. The
capacity calculation for single roofs can be summarized as follows:

0.6

Acoverage

Ppv peak =\ 06.05

“ Ao, for tilt > 10° (6a)

+ Apoof, fortilt < 10° (6b)

Acoverage

Areas that correspond to less than 1kW,, capacity were excluded from the potential.
This translates to an area threshold of 7.6 m? for tilted roofs and 15.2m? for flat ones. The
potentials in the enclosed database are published in groups for each municipality, nuts3-
region, and federal state, but not individually for each building due to the large overhead
storage. To this end, the same grouping method was used for each region, which aggregates
the modules into nine groups: One flat group includes all items up to a tilt angle of 20°.
Eight azimuth groups (North (N), North-West (NW), West (W), South-West (SW), South
(S), South-East (SE), East (E), and North-East (NE)) contain all elements from 20-90° in
the respective directions. For rooftop PV, no scenarios were considered, but the enclosed
database includes two datasets, representing two scenarios:

e Allroofs
*  No northern roofs: Exclusion of north facing groups (N,NW,NE)

3.3. Results & Discussion

Based on the presented workflow, a potential of 625 GW, was estimated for all rooftops
in Germany. However, the potential decreases to 492 GW,, if north-facing groups are
excluded. The regional distribution of the capacity density per municipality in Germany
without the north-facing groups is presented in Figure 10. In the urban areas (e.g., Berlin
and Hamburg) the capacity density is visibly the highest, which can be explained by the
high building density.
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Figure 10. Potential capacity density of rooftop PV without north-facing groups per municipality in
Germany. The capacity density is determined by the potential capacity in relation to the total area of
the municipality.

To validate the presented workflow, the results for the federal state North Rhine-
Westphalia are compared against Grothues and Seidenstiicker [87]. When aligning the
workflows by lowering the efficiency to 17%, using frs = 0.4 and applying the same limit
for areas (7m? for tilted roofs and 17.5m? for flat ones) the capacity of roofs in North
Rhine-Westphalia adds up to 84.0 GW, which is comparable to the 81.4 GW}, estimated by
Grothues and Seidenstiicker [87]. It should be noted that Grothues and Seidenstiicker [87]
exclude rooftops with an irradiation lower than 814 kWh/m?, which is not reproduced;
therefore, a higher result is to be expected. Furthermore, the potential reduction due to roof
obstructions is not comparable in the two studies.

Figure 11 presents the Germany-wide capacity potential of rooftop PV in this paper and
other studies. The comparison shows a range of 43 GW,, [27] to 746 GW,, [28]. However,
comparability between the studies is limited. The studies significantly differ in their
methodologies for rooftop area estimations and assumptions as the reduction factor for
superstructures and efficiency in the capacity estimation. Furthermore, some studies
only consider the rooftop PV potential for individual building categories, e.g., residential
in Mainzer et al. [83]. The only capacity potential, which was estimated using a high-
resolution approach (see Section 3.1) assumes 504 GW [97], which is of similar magnitude
to the potentials estimated in our approach.
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Figure 11. Comparison of rooftop PV potentials for studies providing capacity potential at the
national level. (References: Ruiz et al. [27], Peters et al. [30], Mainzer et al. [82], Ebner et al. [29],
Eggers et al. [97], Trondle et al. [28]).

In future work, the influence of the parameters, which are used to convert the area
potential into a capacity potential, could be investigated in more depth. Furthermore,
the estimation of unusable areas on roofs can be improved when LoD3/LoD4-data become
available for Germany. Alternatively, as proposed by Walch et al. [89], the LoD4-Dataset
from Geneva could be used to estimate the share of unusable roof areas by means of a
machine learning approach.

4. Discussion

The potentials in the reviewed literature exhibit large variations between the studies
and scenarios. Our data analysis (Section 2.2) shows one reason for the present deviations:
the used input datasets mean that the findings of different studies using different datasets
are hardly comparable. Another reason for the significantly deviating potentials is the
chosen exclusion criteria and the corresponding buffers. Neglecting residential buildings
in wind potential analyses, for example, can lead to considerable overestimations. In future
work, a sensitivity analysis regarding the criteria could help to quantify the effects in a
more in-depth manner. Nevertheless, without applying high-quality datasets in terms
of excluded area and position, the conclusions would not be meaningful. Therefore,
the importance of the land-use dataset selection is emphasized. In other regions, OSM may
not be as comprehensive and a dataset with official characteristics, such as Basis-DLM, may
not be available. In future work, worldwide high-resolution datasets should be used to
reevaluate global renewable potentials. This work should motivate improvements in the
internationally available land use datasets, as their quality has a significant impact on the
correct design of regulations for renewable resource emplacements.

5. Conclusions

The first evaluation of land-use datasets and the proposed renewable potential sce-
narios reveal significant biases in the datasets that are commonly applied by the energy
systems community: The use of Corine Land Cover [13] leads to a significant overestima-
tion of the potentially usable area for renewable energy technologies by a factor of 4.6 to 5.2
in comparison to Basis-DLM [12] and Open Street Map [14], respectively and is, therefore,
not recommended for renewable energy potential analyses. High-quality datasets are
needed to supply reliable input for policy-makers or energy system models. In the case
of Germany, Basis-DLM [12] and Open Street Map [14] provide similar information for
several categories, especially line-like features, such as power lines or railways. For others,
Basis-DLM and Open Street Map show significant differences, e.g., industry/commercial,
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lakes, or rivers. Furthermore, the impact of several exclusion criteria is apparent in the
presented scenarios and variations. For example, the disregard of residential buildings
in onshore wind analyses leads to an overestimation of the capacity by up to 34% for
our scenarios.

The presented scenarios for onshore wind, offshore wind, open-field, and rooftop pho-
tovoltaic are published in an open access database (Tool for Renewable Energy Potentials—
Database (https://doi.org/10.5281/zenodo.6414018, accessed on 17 July 2022)). The pre-
analyses of land-use datasets was used to select the input data for the land-eligibility analy-
ses for onshore wind, offshore wind, and open-field photovoltaic technologies. The possible
onshore wind installation significantly varies between the developed scenarios (90 GW
to 403 GW). This shows the high impact of the chosen exclusion criteria and, therefore,
the influence of legislation. Nevertheless, in future work, the impact of exclusion criteria
could be systematically investigated. Additionally, the conversion from an area potential
into a capacity potential is prone to th influence of, for example, technology selection,
which could become a subject of future research. For rooftop photovoltaic, the potentials
are estimated by CityGML Level of Detail 2 data for the first time, which led to a 492 GW,,
potential capacity when northerly-facing roofs are excluded. While the presented study
focuses on the land eligibility and the capacity potential, in future, the analysis could be
expanded by analysing the generation potentials. The enclosed database promotes the
further use of the scenarios in, for example, the energy system research field to investigate
the influence on the transition of the German energy system.
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