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Abstract

Urban trees regulate solar radiation on building surfaces, influencing urban climate and energy performance. Using a semantic 3D city
model, tree shading was quantified for all roofs and fagades across the city of Munich, Germany. Solar irradiation was simulated for
scenarios with and without trees using a tool supporting detailed 3D shadow analysis and urban-scale assessments, computing
irradiation at 43 million points per scenario. Spatially explicit, surface-resolved shading effects were derived by comparing irradiation
between the scenarios, isolating the impact of trees. Tree shading reduced annual global solar irradiation on buildings by 7 809 GWh
(-11%). The reduction on facades (18%) was three times larger than on roofs. On roofs, direct and diffuse decreases balanced; facades
showed a stronger drop in direct irradiation. Buildings taller than 15 m received only minor roof shading, while facade shading was
measurable at all heights but diminished with increasing building height. Assessment of the vertical distribution of tree shading on
facades revealed height-dependent reductions of45-50% at ground level, 14—18% at 10 m, and~3% at 20 m; these values were
consistent across different facade orientations. Nevertheless, south-facing facades consistently received higher absolute solar
irradiance. These results quantify how tree shade varies with building morphology and provide a comprehensive overview of its
cumulative impact across the city of Munich. The semantic structure of the 3D city model enables flexible aggregation and analysis
down to individual building-envelope surfaces, a key added value that supports morphology-dependent assessments and informs the

planning of sustainable and resilient urban environments.

1. Introduction

The modulation of solar radiation by urban trees at the building
envelope represents a key mechanism linking climate adaptation
and energy transition strategies in cities. Tree canopies reduce
incoming shortwave radiation on roofs and facades, lowering
surface temperatures, indoor heat gains, and cooling energy
demand, while potentially limiting solar access for building-
integrated photovoltaic (BIPV) systems (Balogun et al., 2014;
Berry et al., 2013; Hsieh et al., 2018; Shen et al., 2026; Zhang et
al., 2022). At the city-scale, aggregated shading contributes to
Urban Heat Island mitigation and influences overall urban energy
system performance (Czekajlo et al., 2023; Kim et al., 2025; Park
etal., 2021).

This interaction places urban trees at the intersection of two
major transformation domains. As Nature-based Solutions
(NbS), trees provide regulating ecosystem services, particularly
local climate regulation through shading and evapotranspiration,
which improve thermal comfort, reduce heat stress, and enhance
urban resilience (Guerry et al.,, 2023; Lwawa et al., 2022).
Simultaneously, buildings are central to decarbonization efforts,
with regulatory frameworks such as the European Energy
Performance of Buildings Directive promoting energy efficiency
and on-site renewable generation (European Union, 2024). Tree
shading therefore directly links ecological adaptation (via NbS)
with building-sector decarbonization, creating both synergies and
trade-offs between reduced cooling demand and potential
constraints on solar energy production. Managing urban trees
therefore becomes an inherently interdisciplinary challenge,
bridging ecology, urban planning, and energy systems. To

support evidence-based decisions, planners and engineers require
spatially explicit data that quantify both ecological benefits and
energy-performance impacts (Ferrario et al., 2024; Menconi et
al., 2026).

Although tree shading effects on solar radiation are well
understood from detailed site-level urban climate simulations,
studies that apply comparable detail at the city-scale remain
limited. Citywide shading analyses (Aleksandrowicz et al., 2020;
Park et al., 2023) and solar radiation assessments (Giannelli et
al., 2022; Tian et al., 2023) that incorporate tree shading typically
operate in 2.5D, representing rooftops or street-level surfaces and
thereby neglecting vertical facades. True 3D simulations based
on semantic 3D city models enable a detailed representation of
building components and are increasingly used in solar radiation
studies (Matsuoka et al., 2024; Willenborg et al., 2018a). By
combining object-level geometry and hierarchical semantics,
semantic 3D city models can also form the backbone of urban
digital twins (Wysocki et al., 2024), enabling cities to be
modelled with respect to their physical systems and
environmental sustainability (Weil et al., 2022).

While buildings have traditionally been the focus, an increasing
number of approaches now represent urban vegetation with the
explicit goal of integrating it into semantic 3D city models
(Ambarwari et al., 2024; Buyukdemircioglu and Oude Elberink,
2025; Miinzinger et al., 2022), opening new possibilities for
integrating tree shading into high-resolution city-scale
simulations. At the building scale, studies by Peronato et al.
(2016) and Willenborg et al. (2018b), on samples of 25 and 29
buildings respectively, have shown that shading from vegetation
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and other urban elements can substantially reduce solar radiation
on facades, often more strongly than on roofs. Despite these
advances, citywide, high-resolution 3D simulations that combine
object-level accuracy with full spatial coverage remain scarce,
leaving the cumulative impact of urban tree shading on solar
radiation largely unquantified.

This study addresses this gap by quantifying the effects of urban
tree shading on solar radiation at both roofs and facades across
an entire city using semantic 3D city model simulations.
Scenarios with and without trees were compared to provide
spatially explicit, surface-level insights across the city, showing
how tree canopies affect incident solar irradiance while
accounting for building morphology, such as height and facade
orientation. Furthermore, the approach provides a comprehensive
overview of cumulative shading effects, thereby guiding
planning for sustainable and resilient urban environments.

The remainder of the article is structured as follows. Section 2
describes the study area, the data, and the software used to model
solar radiation. Section 3 outlines the methodology for assessing
the shadow effect of trees. Section 4 presents and discusses the
results of the comparative-scenario analysis. Section 5 concludes
with a summary of the main findings and directions for future
research.

2. Modelling Solar Irradiance in a Semantic 3D City Model
2.1 Study Area

The influence of tree shade on incoming solar irradiation was
assessed for the entire building stock of Munich. Munich, with
approximately 1.6 million inhabitants and an area of 311 km?, is
the third-largest city in Germany. The city is located on a broad,
predominantly flat plateau in the northern Alpine foreland,
approximately 50 km north of the Alps. Therefore, large-scale
mountain shadow effects are likely negligible. Within the built-
up area, the terrain is generally gentle, with no pronounced hills
or major natural barriers, resulting in only minor topographic
variation.

Munich exhibits a compact urban fabric with diverse building
types and structures. The historic old town and the adjacent inner-
city districts form a dense, mixed-use core. Surrounding this core,
the outer districts are characterized by lower-rise residential
blocks interspersed with commercial and office spaces. Most
buildings are of low to medium height (<30 m); consequently,
shadow patterns are less complex than in high-rise cities.

Munich has an overall tree-canopy cover of 26%, slightly below
the European average in urban areas (EEA, 2024). The city’s
urban forest is a mixture of deciduous and coniferous species,
with deciduous trees predominating. In the context of
building-related shading, the spatial distribution and composition
of trees are particularly relevant. Almost half of Munich’s trees
are embedded within the built-up residential fabric, although tree
density generally decreases with increasing building density
(Leichtle et al., 2021).

2.2 Input Data

2.2.1 3D building model: For the present analysis, the official
3D building model supplied by the Bayerische
Vermessungsverwaltung (LDBV) for 2019 was used. The
semantic model corresponds to Level of Detail 2 (LoD 2) and is
provided in CityGML format. It is based on officially surveyed
building footprints and incorporates standardized roof forms
derived from airborne LiDAR data and digital surface models.
More detailed roof geometries, rooftop structures, and facade
openings (doors and windows) are not included in the LoD 2
model. Geometric attributes, including surface area, height, and
orientation, were calculated for each building surface. For the
Munich urban area, the dataset comprises 286 293 buildings and
ancillary structures such as bridges, walls, and canopies. These
ancillary objects are treated as shading objects; however,
solar-radiation analysis is performed only for the buildings. The
modelled roof surface totals 46 km?, and the facade surface totals
91 km?.

2.2.2 3D tree model: A semantic 3D tree model for Munich,
derived from airborne LiDAR point clouds collected in2012
(Miinzinger, 2025), was employed to simulate tree shading on
building surfaces. The model represents reconstructed tree
crowns as geometric primitives and conforms to CityGML
LoD 2. For each tree, attributes such as height, crown diameter,
and position were extracted from the LiDAR data. Implicit
geometries were scaled individually to reproduce realistic crown
volumes. The dataset includes all vegetation taller than2 m,
encompassing trees and shrubs, and comprises2 364 638
modelled tree objects for the entire city. The individual objects
have a mean height of 10 m, with the tallest object reaching 40 m.

The total count of tree objects should be regarded as an
approximation, as automatic segmentation of individual trees
from LiDAR data is prone to errors; particularly in complex or
dense stands. Nevertheless, the reconstructed tree models provide
a realistic representation of the urban forest. Tree crowns are
modelled adaptively using parameterized geometric primitives,
with dimensions derived from the LiDAR point cloud. Although
segmentation errors occur and understory trees are largely
omitted, the spatial distribution and volumetric structure of the
urban forest are still well captured (cf. Miinzinger et al., 2022).

2.3 Solar irradiation modelling

Solar irradiation for both scenarios was modelled with the
software tool for solar potential assessment on semantic 3D city
models presented by Willenborg et al. (2018a). The resulting
dataset is publicly accessible via Zenodo (Willenborg et al.,
2026a). The solar potential tool is available as Open Source
Software (Willenborg et al., 2026b). It fetches the 3D city model
from an instance of the 3D City Database 3DCityDB V4, see
(Yao et al., 2018), and enriches the stored building objects and
their parts by the calculated solar irradiation values. The tool
supports detailed 3D simulations, including explicit shadow
analysis and scalable large-area scenario evaluation, enabling
urban-scale solar potential assessment. Validation against
pyranometer measurements from the Deutscher Wetterdienst
(DWD) confirmed that the tool provides reliable estimates for
monthly and yearly aggregated solar irradiation, demonstrating
its suitability for urban-scale solar potential assessments
(Willenborg et al., 2018a).

The tool calculates direct and diffuse irradiation, while reflected
irradiation is not included. Direct irradiation is calculated using
the transition model developed by Fu and Rich (1999),
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(a)
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Figure 1: Exemplary illustration of the solar irradiation modelling workflow. (a) Input data: semantic 3D building model with roof
surfaces (red) and facade surfaces (grey), as well as the 3D tree model (green). (b) Regular grid of sampling points generated on roof
and facade surfaces. (c) Visualization of the annual global irradiation considering tree shading. Surface textures represent annual
global irradiation values, with blue indicating low irradiation and red indicating high irradiation. Source data: Bayerische
Vermessungsverwaltung, 2019, www.geodaten.bayern.de

accounting for solar position (Grena, 2012), intensity, and the
orientation and inclination of each surface. Sun positions are
computed throughout the year at hourly intervals, and the
radiation power is adjusted for atmospheric transmissivity and
optical path length. The transmissivity of the atmosphere and the
fraction of diffuse irradiation in the global irradiation were
calibrated using 22-year mean values from NASA Atmospheric
Science Data Center data to ensure realistic estimates under long-
term regional atmospheric conditions, while smoothing inter-
annual variability. Shadowing was determined using a three-
dimensional ray-tracing approach, casting rays from each surface
point toward the sun based on a discretized hemispherical sky
model. For the shadow analysis, surrounding buildings and trees
were assumed to be fully opaque. Diffuse irradiation and the Sky
View Factor (SVF) were derived from the same sky model,
which represents the sky hemisphere using configurable azimuth
and zenith divisions. The directional representation allows the
contribution of obstructed sky regions and surface orientation to
be considered in the diffuse irradiation calculation.

To model solar irradiation on roofs and facades, the official 3D
building model of the City of Munich described above was
applied. Terrain data derived from Digital Terrain Models and
the 3D tree model were additionally integrated into the semantic
3D city model, allowing terrain and trees to be explicitly
represented as shading objects (Fig. 1a). Each building roof and
facade surface was discretized into a regular grid of points with
2 m point spacing, with each point representing a portion of the
surface area. This discretization provides the reference locations
for all irradiation computations. In total, around 43 million
sampling points were used, approximately 12.6 million on roofs
and 30.4 million on facades (Fig. 1b). Direct and diffuse solar
irradiation, as well as the SVF, were computed at each surface
point. Solar irradiation was computed in a regular temporal
interval of 5 minutes over a full annual cycle. The modelling was
carried out for two scenarios. In the first scenario, shading by the
3D tree model was included (Fig. 1¢); in the second, tree shading
was omitted. In both scenarios, shading from surrounding
buildings and topography within a 100-m radius was modelled,
while topographic shading was considered within a 20 km radius.
Given the predominantly low- to medium-height buildings in the

study area (< 30 m), this radius captures the relevant building-
and tree-induced shading, as shadowing effects are dominated by
nearby obstructions.

3. Methodology for Quantifying Tree-Shading Effects

The effect of tree-shading on solar irradiance of roofs and facades
was quantified by contrasting two simulated scenarios, one with
trees and one without. For each scenario, the model produced
approximately 43 million sampling points. Every sampling point
records the area it represents and the total incident irradiation,
including both direct and diffuse components. Monthly
irradiation values were aggregated temporally to obtain annual
irradiation. Each sampling point is uniquely linked to a specific
roof or facade surface and, through that surface, to its parent
building in the semantic 3D building model. This relational
structure enables flexible spatial aggregation at various thematic
levels. For the subsequent analysis according to morphological
building characteristics, each point was linked to the
corresponding geometric attributes relevant for modelling solar
radiation.

For the initial quantification of the overall impact of tree shading
on roof and facade irradiation across the entire building stock, the
annual irradiation components were aggregated separately for
roofs and facades in both scenarios. Direct comparison of these
aggregated values enabled the assessment of absolute and relative
reductions in solar irradiation attributable to tree shading.

In a second step, shading effects were analysed in relation to
building height. Annual specific solar irradiation (kWh/m?) was
calculated for each roof and facade surface. The distribution of
global annual irradiation across height classes and scenarios was
examined using box-plots for both scenarios to assess differences
in central tendency and variability. For facades, the analysis was
evaluated under two configurations: (i) including all facades and
(i) including only non-north-facing facades, because
north-facing facades in the Northern Hemisphere typically
receive only negligible amounts of direct solar radiation. For the
calculation of specific irradiation, only sampling points that
received radiation in the no-tree scenario were included for
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facade surfaces. This procedure excluded wall areas permanently
shaded by directly adjacent buildings, as such surfaces are not
explicitly represented as separate entities in the LoD2 building
model used in this study. Their inclusion would otherwise bias
the results in densely built areas characterized by extensive
shared wall sections. Building-height classes were adopted from
the Global Human Settlement Layer (GHSL) height dataset
(cf. Pesaresi et al., 2024).

In a third step, the vertical distribution of tree-induced shading
along facades was examined in greater detail. Facade sampling
points were classified into 1-m height intervals measured from
ground level. Unlike the previous analysis, which used total
building height, this step allowed a direct assessment of
height-dependent shading patterns on the facade surface itself.
The objective was to identify the height ranges at which trees
produce the strongest reductions in direct solar irradiation. The
analysis was limited to the vertical band from 0 to 20 m above
ground. Annual specific direct irradiation (kWh/m?) was
aggregated for each height interval and for each facade
orientation; only non-north-facing facades were retained. The
resulting vertical profiles of annual specific direct irradiation
were visualized as heat maps, showing the height-dependent
distribution of irradiation by orientation for both scenarios and
the absolute reduction (A) attributable to tree shading.

The replication package, including all source code and data
required to reproduce the analyses presented in this study, is
publicly available (Miinzinger et al., 2026).

4. Analysis of Tree Shading Effects

4.1 Overall Impact of Tree Shading on Roof and Facade
Irradiation

Shading from urban trees reduced the annual global solar
irradiation on all building surfaces by 7 809 GWh, representing
an 11% decrease relative to the theoretical no-tree scenario
(Table 1). The absolute reduction on roofs was 2 515 GWh (6%
of the no-tree irradiation), whereas on facades it was 5293 GWh
(18% of the no-tree irradiation). Consequently, shading on
vertical surfaces produced a markedly larger effect: the absolute
reduction on facades was slightly more than twice that on roofs,
and the relative reduction on facades was approximately three
times larger than on roofs.

Further, the contributions of direct and diffuse irradiation
components were examined. In the no-tree scenario, the direct
component (= 36 TWh) exceeded the diffuse component

Com- Sur-  No Tree Shade Sifge A A
ponent face (GWh) (GWh) %  GWh
Roof 39526 37011 | 64 2515
Global | Facade 28776 23482 | 184 5294
Total 68 302 60493 | 11.4 7809
Roof 21329 19903 | 6.7 1426
Direct | Facade 14558 10863 | 254 3695
Total 35887 30766 | 14.3 5121
Roof 18 197 17107 | 6.0 1089
Diffuse | Facade 14217 12619 | 11.2 1599
Total 32414 29726 | 8.3 2688

Table 1: Annual solar irradiation on roof and facade surfaces

under two shading scenarios. No-Tree-Shading represents the

theoretical maximum. Tree-Shading incorporates the effect of
existing trees and is therefore the most realistic estimate.

(=32 TWh). When expressed as a share of the total incident
irradiation, diffuse irradiation accounted for roughly 46% of the
annual total on roofs and 49% on facades. On roofs, the
reductions were comparable for direct and diffuse irradiation
(approximately 7% and 6%, respectively). On facades, direct
irradiation was reduced more strongly than diffuse irradiation
(25% versus 11%). While in the no-tree scenario the ratio
between diffuse and direct irradiation was balanced, inclusion of
tree shading reduced the direct component by 3 695 GWh and the
diffuse component by 1 599 GWh, thereby increasing the diffuse
share on facades. Two conclusions can be drawn regarding the
effect of tree shading on buildings. Roofs, being horizontal or
inclined, receive a mixture of direct and sky-diffuse irradiation
from a wide range of solar elevations; consequently, the tree
canopy shades a similar proportion of both components.
Conversely, tree crowns intercept a larger fraction of the
low-angle direct beam that strikes vertical surfaces, making the
diffuse component the dominant contributor of facade
irradiation.

The citywide analysis of the overall impact of tree shading,
covering a variety of building sizes and forms, shows how strong
tree shading reduces incoming solar irradiation. Omitting trees
from urban-scale solar-irradiance models leads to a systematic
over-estimation of the energy received, especially on facades,
where the reduction in the direct component is most pronounced.
4.2 Influence of Building Height on Specific Solar
Irradiation

To examine the building stock in greater detail, shading impacts
were analysed in relation to building height. Differences in the
distribution of annual specific irradiation between the two
scenarios were evaluated for separate height classes and for roofs
and facades independently, using box-plots (Fig. 2).

The no-tree-shading scenario was used as the baseline. In this
scenario, the interquartile range (IQR) of global irradiation
differed markedly between roofs and facades: for roofs, the IQR
spanned roughly 540-1015 kWh/m?, whereas the IQR for
facades covered 200-470 kWh/m? for all orientations and 285—
580 kWh/m? for the non-north-facing facades. Apart from these
range differences, the overall shape of the distributions was
similar across height classes. In this baseline scenario, two
counterintuitive observations emerged. First, the lowest roof
irradiation values occurred in the tallest building height class
(> 30 m). Buildings were classified by their overall height;
therefore, this class would normally be expected to contain the
highest and least obstructed roof surfaces. However, it also
included many complex buildings (e.g., churches) with lower
attached roof sections below the main structure, which are often
shaded by higher parts of the same building. Second, for facades,
the highest irradiation values were recorded for buildings in the
6-15 m height class in both configurations. Here as well, the
highest values might have been expected for the tallest facades.
However, this height range comprised many detached
single-family houses as well as free-standing industrial and
commercial halls, which are generally situated in less densely
built-up areas.

Comparison with the tree-shading scenario indicated that roof
shading was pronounced primarily for buildings lower than 15 m,
with the strongest effect in the low-rise classes (<6 m). Median
reductions in specific annual irradiation were 241 kWh/m? for
roofs <3 m, 201 kWh/m? for roofs 3—-6 m, and 80 kWh/m? for
the 6-15m class; for buildings>15m only minor median
differences of 12 kWh/m? and 10 kWh/m? were observed. The
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Annual Global Solar Irradiation (kWh / m?) by Building Height
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Figure 2: Distribution of annual specific solar irradiation across building height classes for roofs and facades in both scenarios. For
facades, two configurations are shown: (all) all facades and (W-E) only non-north-facing facades. Labels indicate the number of
buildings and their share of total roof or facade area in each height class.

analysis of facade irradiation showed a reduction in the value
distributions for every height class, with the greatest reduction
occurring for low-rise buildings. Across all facades, median
irradiation in the tree-shading scenario was
approximately 100 kWh/m? lower than in the no-tree scenario;
for facades without a north-facing component the median
reduction was roughly 140 kWh/m?. For taller buildings, a
comparable magnitude of reduction was observed in both facade
categories. In the 6-15 m height class the median difference
between scenarios was about 90 kWh/m?, and for the upper
height classes the reduction became smaller, with median
differences of roughly 40 kWh/m? for all facades and 30 kWh/m?
for the non-north-facing facades.

By relating the measured irradiation to building height, the strong
dependence of tree-induced shading on urban morphology was
evident. Although only 39 613 of the 286 293 buildings (= 14%)
exceeded 15 m, they accounted for 37.5% of the modelled roof
area because taller buildings generally possess larger roofs.
Consequently, the observed 6% reduction in total roof irradiation
must be interpreted in light of the fact that the majority of roof
surface lies at heights where tree shade is scarce. For facades, the
effect of tree shading was more nuanced. Since facades extend
from the eaves to ground level, every building, irrespective of
height, contains lower-lying facade sections that were exposed to
tree shade. Nevertheless, the analysis showed a clear trend: the
higher the building, the smaller the impact of shading on the
facade-irradiation distribution, because an increasing proportion
of the facade area lies above the reach of tree crowns and
therefore remains unshaded.

When interpreting the presented values of annual solar irradiation
on roofs and facades, several factors should be considered, as
these values are partially lower than the maximal potential
reported by other sources. The modelling tool slightly
underestimates annual irradiation compared to DWD
pyranometer measurements, with a systematic underestimation
of ~3% per year (Willenborg et al., 2018a). Seasonal biases

further affected the results: direct irradiation is underestimated
during summer, when solar angles are high, and overestimated in
winter, with the summer underestimation having a greater impact
on annual totals. In addition, reflected radiation from surrounding
surfaces was omitted, which would otherwise increase especially
facade values. Furthermore, all roof and facade surfaces were
included irrespective of orientation or roof slope, capturing areas
with lower irradiation. Despite these generally lower absolute
values, the relative reductions due to tree shading remain
consistent, indicating that the comparative effects are robust.

4.3 Vertical Distribution of Tree Shading Effects

To further examine the modelled shading effects on facades, a
detailed height-dependent analysis was conducted using heat
maps showing annual specific direct irradiation by facade
orientation and relative height above ground (Fig. 3a).

In the theoretical no-tree scenario, a dominant influence of facade
orientation on incoming irradiation was revealed, whereas
relative height above ground within each orientation class had a
comparatively minor impact. West- and east-facing facades
received maximum direct irradiation of 189 kWh/m? and
183 kWh/m?, respectively, at heights above 15 m. Near ground
level, shading by adjacent buildings and topography lowered
these values to 155 kWh/m? and 154 kWh/m?, a height-related
reduction of about 17%. South-facing facades exhibited the
highest values, reaching up to 439 kWh/m? above 15 m. At low
height, direct irradiation on south-facing facades was roughly
85 kWh/m?lower than on higher sections, corresponding to
a20% difference. Thus, when tree shading was not considered,
facade orientation had a stronger impact on incoming solar
irradiation than building height.

When tree shading was incorporated, the pattern that had
previously been dominated by facade orientation changed
markedly (Fig. 3b). The lower portions of facades experienced
the greatest reductions because they were most exposed to
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Figure 3: Heat maps of vertical profiles of annual direct irradiation. Min and max values for each bar are labelled, with lines
indicating the corresponding cells. (a) No-tree shading scenario. (b) Tree-shading scenario. (c) Difference (A) with relative reduction
per orientation and height labelled.

shadows cast by surrounding trees. The largest absolute decrease
was observed on south-facing facades near ground level, where
irradiation fell by 165 kWh/m?, a reduction of 47% relative to the
no-tree scenario. The height-dependent reduction was
comparable across all facade orientations (Fig.3c). Relative
decreases in direct irradiation were 45-50% at ground level, 27—
33% at 5 m, 14-18% at 10 m, about 5% at 15 m, and roughly 3%
at 20 m. Although south-facing facades showed larger absolute
reductions because they receive more irradiation, the decreasing
trend with height was consistent for every orientation.

This high-resolution assessment demonstrates the analytical
depth enabled by the modelling approach. Unlike the previous
aggregation at roof or facade level, the analysis was conducted
directly at the level of individual sampling points and linked to
their corresponding facade surfaces within the semantic
hierarchy of the model. The results confirmed the dominant
influence of facade orientation on theoretical irradiation
potential. In the no-tree scenario, south-facing facades showed
substantially higher annual specific direct irradiation than west-
or ecast-facing facades. Despite these orientation-driven
differences in absolute values, the relative reduction in direct
irradiation due to tree shading was largely consistent across
height intervals. This indicates that tree-induced shading affected
facades along their height in a comparatively uniform manner
within the analysed range.

5. Conclusions

Using a semantic 3D city model, this study quantified the shading
effect of urban trees on roofs and facades across an entire city.
High-resolution solar irradiance mapping, based on a dense grid
of 43 million sampling points, enabled a comparison of two
scenarios, with and without trees, revealing the cumulative
impact of tree shading on citywide solar radiation patterns. The
results highlight citywide trends in shading, identify potential
deficits, and provide a basis for analysing the trade-offs
associated with tree-induced shading, which simultaneously
affects energy performance through reduced solar irradiation
availability for renewable energy generation and provides
ecological benefits through local climate regulation. By
leveraging the hierarchical structure of the semantic 3D city
model, each sampling point is linked to its roof or fagade and to

the parent building, allowing surface- and building-level analyses
that reveal how shading depends on building form and
orientation. These insights offer practical guidance for strategic
urban forest management and the design of sustainable, resilient
cities.

By quantifying an 11% overall decrease, and an 18% reduction
on vertical surfaces, this study demonstrates that trees must be
explicitly represented in urban simulations to avoid biased
assessments of solar exposure and to support realistic planning of
sustainable, resilient cities. Analysis of building morphology
shows that roofs generally receive higher irradiance than facades,
making elevated roof surfaces less affected by tree shading and
highlighting areas with high potential for rooftop photovoltaic
deployment. At the same time, the strongest shading occurs on
lower facade sections, showing that trees can effectively reduce
thermal loads on buildings and surrounding streets, contributing
to Urban Heat Island mitigation. The results also make visible the
heights at which tree shading is most relevant, providing
important guidance for combining solar energy strategies with
vegetation, for example, identifying areas where elevated roofs
could maximize energy gain while lower facades benefit from
cooling, or BIPV can serve dual purposes as energy generators
and shading devices.

Several avenues remain for refinement and extension. The
shading effects are likely slightly overestimated, as trees were
modelled as fully opaque; however, even partial shading can
significantly affect surface warming and the performance of
photovoltaic systems. In addition, no distinction was made
between tree species, which can influence shading patterns and
seasonal dynamics. The seven-year temporal mismatch between
the building and tree datasets may introduce inconsistencies in
areas with construction activities or vegetation changes. While
acceptable for a city-wide assessment, future analyses would
benefit from temporally consistent input datasets. The study
analysed annual solar irradiation, but examining specific months,
such as summer, with high irradiance and varying sun angles,
could provide additional seasonal insights. Further analyses,
stratified according to urban morphology, could reveal how
spatial configurations amplify or reduce shading effects and
make explicit interactions that are already implicitly represented
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in the semantic 3D city model. Finally, while this study focuses
on the status quo, the same framework could be applied to future
scenarios with variations in tree cover or building stock,
supporting planning for shading, solar radiation, and sustainable
urban development.

Overall, the study demonstrates the added value of integrating
trees into semantic 3D city models: such detailed representations
provide a critical foundation for urban digital twins, enabling
planners and engineers to quantify both ecological benefits and
energy-performance impacts in a spatially explicit, policy-
relevant, decision-support framework.
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