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Abstract: Solar radiation impacts diverse aspects of city life, such as harvesting energy with PV panels, passive 
heating of buildings in winter, cooling loads of air-conditioning systems in summer, and urban microclimate. 
Urban digital twins and 3D city models can support solar studies in the process of urban planning and provide 
valuable insights for data-driven decision support. This study examines the calculation of solar incident 
radiation at the city scale in Sofia using remote sensing data for the large shading context in a mountainous 
region and 3D vector building data. The building footprints and the terrain are preprocessed using GIS. The 
solar calculation is conducted using a raytracing algorithm in 3D CAD at the city scale. To evaluate the 
performance, two cases were considered at the city and district scale, respectively. The total face count of 
meshes for the simulations constituted approximately 2 000 000 faces. 64379 roofs for the whole city and 4796 
buildings for one district were selected. All calculations were performed in one batch and visualised in a 3D 
web platform. The use of a 3D CAD environment establishes a seamless process of updating 3D models and 
simulations, while preprocessing in GIS ensures working with large-scale datasets. The proposed method 
showed moderate computation time for both cases and could be extended to include reflected radiation and 
dense photogrammetric meshes in the future. 

Keywords: 3D city model; urban digital twin; solar radiation analysis; CAD tool application at city scale 
 

1. Introduction 

The assessment of solar potential of building surfaces in a city has become a significant topic due 
to the sustainability goals accepted in many countries. Solar incident radiation serves as one of the 
metrics to evaluate solar access in urban planning [1,2]. Apart from local solar cadasters [3,4], there 
are several global initiatives that help to estimate solar potential of a site: PVGIS, Global Solar Atlas 
and the recently released Google Solar API [5–7]. In Bulgaria and particularly in Sofia solar energy 
production in urban environment appears to be a rising industry as well [8,9]. In these terms, careful 
planning of the impact of a new building or defining appropriate locations for PV panels on the roof 
or on the façades becomes essential.  

Solar potential of cities and 3D city models have been examined in many research papers. 
Various datasets and tools are employed for this type of the analysis. The calculation of solar potential 
can be conducted at several spatial scales: regional, municipal, and local (e.g., single building). The 
scale and therefore the level of precision of a study require appropriate technologies and tools for 
data processing and simulations. Besides rooftops, façade surfaces can also be estimated for solar 
potential [10–12]. At high latitudes, building façades are characterized by solar potential comparable 
to that of rooftops during the transitional seasons [13,14]. 3D city models support the assessment of 
solar potential in 3D space, enabling more accurate and visually clear simulations [15–17].   

The evaluation of solar radiation plays a crucial role in different urban scenarios. For instance, it 
can be part of energy modelling of buildings and outdoor microclimate studies. The 
photosynthetically active radiation for vegetation requires similar calculations [18]. In addition, 
wind, noise pollution, and daylight studies, as well as visual analysis, usually share common 3D 
models with solar potential studies [15]. 

The standard EN 17037:2018, Daylight in Buildings, suggests a metric of daily direct sun 
exposure in hours: 1.5, 3, and 4, for a minimum, medium, and high levels of recommendation, 
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respectively, for at least one habitable room [19]. Nevertheless, in the city of Sofia, Bulgaria, besides 
the orientation of a building, the ratio between the height of a building and its distance from other 
buildings serves as the main principle regarding solar access [20]. Therefore, it is not necessary to 
conduct detailed calculations of solar potential using a 3D city model because all the calculations can 
be done with simple 2D sections. In this case, ease of use of solar calculations is essential to promote 
this type of 3D analysis among professionals and a wider audience. Updating solar potential and 
dissemination of the results should also be taken into consideration as the urban fabric changes 
constantly.  

A recent trend in the exploration and assessment of urban processes and environment is the 
development of urban digital twins (UDTs), facilitating the continuous integration, processing, 
analysis, and visualisation of urban data. The UDT is a virtual replica of the physical city supporting 
the exchange of data from the real to the virtual world and vice versa [21,22]. The new knowledge 
obtained from the UDT supports informed decisions in planning, implementing, and managing 
sustainable cities while delivering the health and well-being of citizens. 

In this study, we employ the UDT concept in the evaluation of solar radiation of buildings at the 
city scale, considering its essential characteristics and usage as a decision support tool. The workflow 
of this study involves data preprocessing, shading assessment, calculating incident radiation, and 
data export for advanced visualisation. The study considers the overall performance of the applied 
approach regarding calculation time, territory size and geometric details. A popular computer-aided 
design (CAD) tool dedicated to studies at the scale of a neighbourhood or a building is successfully 
employed in the context of the city (urban scale). The obtained results are visualised in a 3D web 
platform for engagement of a wider audience and thus achieving one of the primary purposes of the 
UDT to deliver insights for future planning of the city. Therefore, this research can serve as a technical 
foundation for future studies. 

The remainder of the paper is structured as follows. Section 2 presents a research background 
on aspects of solar studies at the city scale, acquiring weather datasets, shading, sky discretization, 
3D city models for solar studies, preprocessing large territories, and software. Section 3 highlights 
challenges and gaps of the research background. Section 4 describes the main components of the 
calculation of solar potential. Section 5 explores the settings for calculating incident radiation using 
synthetic data; in addition, it is dedicated to simulations for two cases: the whole city of Sofia and 
one of its districts. Section 6 discusses the results that were acquired. Section 7 concludes the paper 
and offers directions for future work. 

2. State-of-the-Art 

Estimating solar potential at the city scale typically includes a variety of technologies, methods, 
and datasets depending on the scope of the study. Freitas et al. [23] conducted a comprehensive 
overview and described a broad range of computational solar radiation models and concepts 
implemented in many software packages used today. Generally, beam radiation is calculated using 
the same algorithm across various solar radiation models. Diffuse radiation can be represented in 
two ways: (1) isotropic, when uniform radiation comes from all the sectors of the sky (e.g. Erbs et al. 
model or Koronakis model) (2) or anisotropic, when radiation from the sky is variable (e.g. Hay or 
Perez models) [24]. Several algorithms implemented in GIS applications often use one state of the sky 
dome per calculation: clear sky or overcast sky [25,26], while other software packages are capable of 
simulating climate variations using historical weather data. Freitas et al. claim that many models of 
solar radiation adopt an approach excluding complex phenomena, e.g. reflected radiation and 
material properties. Zhao et al. [27] classify scales of solar calculations into three groups: “building 
cluster”, “city district”, and “urban”. According to the authors, methods for calculations at the city 
scale can be categorised as CAD-based, relying on 3D vector datasets, and GIS-based, relying on 2.5D 
raster data.  

A systematic analysis of scientific studies about building-integrated photovoltaics (BIPV) has 
been carried out by Saretta et al. [12]. It considered the following criteria: (1) urban scale; (2) input 
spatial data; (3) calculation method of estimating solar potential; (4) tool; (5) output; (6) such 
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parameters as shading, reflections etc. The analysis underlined a current interest in assessing the 
BIPV potential of façades and the rising demand for 3D urban models with articulated roofs in 3D as 
a geometrical basis for the existing urban areas. 

Machine learning techniques are also used in solar studies [28], especially in cases when a 3D 
city model is not available. In complex urban environments, according to Vartholomaios [29], 
machine learning models based on sky view factor (SVF) cannot completely replace analytical 
calculations of solar radiation. Such models perform well only on building roofs in comparison to 
vertical surfaces and the ground. Zhang et al. [30] propose a data-driven model based on Deep 
Generative Networks (DGN). Such a DGN model can predict solar radiation on obstructed vertical 
surfaces. Generative Adversarial Networks (GAN) can compute the access of the sun on ground 
surfaces for the different seasons of the year [31]. 

In general, a typical workflow for a solar potential analysis based on a 3D city model includes 
the following steps: weather data acquisition, 3D city modelling, calculation of incident solar 
radiation, shading assessment and visualisation of results. 

2.1. Weather Data for Solar Potential 

In general, solar calculations start with weather data acquisition – hourly or monthly climatic 
variations of solar radiation. For instance, hourly weather data can be stored in the Typical 
Meteorological Year (TMY) format, one of the most common types of climate data. TMY datasets 
come from satellite data and local measurements for a long period of time, usually more than 10 years 
[32] and consist of various kinds of temperature, radiation, illuminance, wind characteristics etc. The 
most typical climate data for each month are selected from different years. Not limited to solar access 
studies, this type of dataset can also be used for energy and microclimate modelling.  

There are several concerns about the precision of ground measurements of solar radiation 
because of the high requirements for the calibration and maintenance of the sensors. Therefore, the 
Earth's surface solar radiation is now commonly estimated using satellite data for the reasons 
mentioned above [33]. In some cases, TMY data can be modified to obtain more precise values of 
solar radiation [13,28] according to local measurements.  

TMY datasets with solar radiation in various file formats can be acquired from sources as 
follows: Climate.OneBuilding.org (2004-2018) [34], EnergyPlus (1991-2005)[35], ASHRAE IWEC2 by 
White Box Technologies [36], Meteonorm (1996-2015) [37], PVGIS (2005-2020) [5] etc. TMY datasets 
are often used in building energy modelling software to simulate seasonal variations more precisely.  

Solar radiation can be significantly decreased due to the local terrain. Huld et al. [32] use horizon 
angles based on raster datasets from the Shuttle Radar Topography Mission to consider the shading 
from the terrain for TMY data. The same principle is used by Meteonorm [38]. 
Climate.OneBuilding.org, EnergyPlus, and ASHRAE data seem to exclude the terrain shading. 
Typically, weather data are based on retrospective analysis and do not include a forecast. Thus, it is 
important to envision regular updates of TMY datasets [39]. 

2.2. 3D City Models of Buildings for Solar Potential Studies 

There are several well-established GIS-based approaches of solar potential studies based on 
satellite imagery, statistics and 2D building footprints [23]. A vast number of methods assume the 
usage of Digital surface models (DSM) in the raster format, obtained with various techniques (LIDAR, 
photogrammetry, or statistical methods), GIS and corresponding solar models. DSM datasets, widely 
used in GIS, represent the physical environment in a 2.5D manner and at a fixed spatial resolution. 
This type of calculation became easy to adopt due to well-developed workflows. In addition, 
precalculated values for solar radiation and potential PV output can be accessed freely through 
services similar to PVGIS, Global Solar Atlas etc.  

3D city models, especially 3D models of buildings, are a key component of the UDT and have 
been widely used in solar analysis in recent years. Conducting a review of various approaches to 
model solar radiation in the city, Freitas et al. [23] underline the importance of elaborating 3D models 
and the potential of BIPV of a façade. Compared to 2.5D calculations, the 3D-based analysis appears 
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to be a promising approach for further steps in environmental studies, e.g., urban building energy 
modelling [40] or modelling the outdoor microclimate.  

3D city models can be categorised into two main groups: (1) 3D mesh models, derived from 
photogrammetry directly and merged into one tiled dataset, and (2) semantic 3D models, e.g. based 
on CityGML standard [41], often derived from point clouds or 2D geodata. The advantage of the 
latter is the ability to represent both spatial and semantic features of the urban fabric [42].  

In the context of the urban digital twins, semantic 3D models of buildings are preferable since 
they can be updated easier (each object can be modified separately) and can be reused in a wide range 
of use cases. Various types of environmental analyses often require the geometry of a building to be 
subdivided into finite elements. A 3D model of a building, consisting of bounding surfaces and 
enriched with semantics, can provide more flexibility while preprocessing data for a simulation 
compared to a 3D mesh model that has its triangulation structure already fixed. Separate features of 
a building can be extracted and converted in a boundary representation to a mesh with variable 
density according to the required precision. This approach is widespread, for instance, in urban wind 
simulations [43], and it can be used for solar studies.  

On the other hand, 3D mesh models of a city are the first step in the feature reconstruction from 
a point cloud acquired from a survey (photogrammetry or LIDAR), and it can be done almost 
automatically by software. This type of data preserves small details captured by a sensor, while 
semantic 3D building models are linked to the concept of Level of Detail (LOD). For example, the 
LOD1 has only one flat roof per building. The small details of buildings are present only at higher 
LODs. In this context, there have been several attempts to combine mesh geometry as input data for 
solar analysis with CityGML models in order to improve the accuracy of solar potential predictions. 
[41]. In addition, according to Peronato et al. [44], the low resolution of evaluated mesh geometry 
strongly affects vertical surfaces (e.g., façades) in relative terms. Roofs with superstructures can be 
affected by the low resolution of a mesh as well. Therefore, one could apply a variable density of 
study points to various types of surfaces. 

Mesh datasets, represented by Google high-resolution 3D Tiles, are used by Google Solar API as 
a basis for calculations. However, the outcome is delivered as 2D raster geodata: a digital surface 
model (DSM), RGB, a building mask, annual flux, and monthly flux [7]. 

Usually, the development of higher LODs of 3D vector models is resource-demanding. With 
regard to this, Biljecky et al. [45] concluded that increasing the LOD does not always have a significant 
impact on the precision of the shadow analysis. Furthermore, it is hard to create general-purpose 
geometry of a 3D city model for various cases [46].  

2.3. Shading Assessment Using 3D City Models 

The biggest impact on energy yield from the sun in the case of a complex urban environment is 
the shading by surrounding static objects (buildings, roof installations, etc.) [47]. With the help of a 
3D city model, shading can be clearly defined except for the weather conditions or vegetation [48]. 
Shadows represent the absence of the direct sun and thus exclude the first component of solar 
radiation, such as direct or beam radiation. 

Another component of solar radiation, diffuse radiation, comes from all the parts of the sky 
dome. It is often obstructed by surrounding buildings, roof structures, or vegetation. The shadowing 
effect is modelled by applying shading masks onto the discretised sky dome [49]. In addition, the 
ratio between unobstructed sky and obstructed areas of the sky dome can be aggregated into the sky 
view factor (SVF), independent of geographic location [50]. The authors recommend using SVF as a 
predicting metric of solar potential on building façades. In shaded areas, the reflected component of 
solar radiation can produce a significant impact. Nevertheless, reflected radiation is neglected in 
various software packages or treated as a constant value [51]. On the other hand, calculations based 
on software such as Radiance [52], consider material properties and corresponding reflection of solar 
beams [53]. 

When dealing with hilly regions, it is important to consider the long-range shadowing effects 
and keep details close to buildings. For example, Bremer et al. [54] integrated coarse and fine 2.5D 
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DEMs for long and moderate range, fine binary voxel grids for close-range vegetation consideration 
and polygonal building models for close-range obstructions. 

Large datasets representing distant shading can be replaced with a more lightweight solution. 
Gismo [55], a plugin for Rhino Grasshopper, generates a terrain shading mask. A terrain shading 
mask is a visual representation that projects the silhouette of the nearby terrain onto a sphere around 
a specific point, taking into consideration the effect of shading caused by the terrain. Therefore, this 
type of mask reduces both direct and diffuse radiation without loading large obstructing geometry. 
Several software applications, such as PVGIS or CitySim propose to use horizon files (a list of 
obstructing angles) for shading geometry [56,57]. 

In terms of shading context, close-range obstructions seem to be more important [47]. According 
to Willenborg et al. [41], the combination of detailed photogrammetric 3D mesh models and 
semantically enriched CityGML models has demonstrated the ability to improve the precision of 
solar studies.  

As for other aspects, a period of a calculation (monthly, weekly, hourly), a sky model, a study 
object, and shading obstructions can have different resolutions [58]. Increasing the resolution of any 
of these components can result in more precise outcomes. In spite of that, more time for computation 
will be needed. 

The resolution of the sky dome, representing the anisotropic distribution of irradiance, affects 
shading as well. The sky dome itself is usually based on the Perez all-weather sky model [59]. It is 
discretised to approximate continuous values acquired from the Perez model [60]. In the case of 3D 
ray casting algorithms, each point of a study mesh connects with all the patches of such a discretised 
sky dome to estimate a shading mask. Thus, the higher the number of patches of the sky dome 
selected, the higher the level of precision that can be achieved. There are several approaches to the 
discretisation of the sky dome. The Tregenza method ensures a subdivision of the dome into 145 
patches [61]. The same principle allows the division of the sky dome into 577 patches when a higher 
level of accuracy is necessary. Nevertheless, an increase in the discretisation results in higher 
calculation time for the simulation [62]. 

2.4. Visualization of Solar Radiation on Building Surfaces 

In GIS, solar radiation is often visualised as a matrix (raster data model) with graduated colours. 
3D city model provides visualisation of any simulations using various techniques [63–65]. The 
assessment of solar radiation in the city was classified by Biljecki et al. [15] as the case where 
visualisation is not important. Despite that, adding this information to the 3D context can be 
beneficial. Solar analysis of building surfaces is often represented in 3D as coloured grids (meshes) 
or as textured 3D meshes. In the case of millions of cells, 3D visualisation of such datasets on the web 
can be problematic due to performance issues. Bremer et al. [54] proposed a method where the 
textures mapped on 3D models have been used for storing the results of the calculation. An image 
texture of a given cell size is attached to each face of the 3D building model. A similar approach is 
implemented by Chaturvedi et al. [66]. In this regard, the concept of Dynamizer, introduced by 
Chaturvedi and Kolbe, allows the integration of dynamic properties and provides opportunities for 
the storage and visualisation of solar radiation on building surfaces. Solar cadastres as a key place to 
visualise and to disseminate solar analytics using 2D maps. However, solar cadasters in 3D also exist. 
For instance, textured 3D models can be found in the solar cadaster of Helsinki and Bremen [67,68]. 
Therefore, the results of a simulation can enrich a 3D model of a building. Besides this, 3D vector cells 
can be used for visualisation purposes as well. 

2.5. Software Technologies and Tools 

Various software technologies and tools can be applied in solar potential studies at various 
scales. For instance, the Weather Research & Forecasting Model (WRF) enables the estimation of solar 
potential at the global and regional scale [69]. Traditional GIS tools usually perform calculations of 
solar radiation on 2.5D raster datasets [23]. Calculation of solar potential in 3D is often represented 
by plugins for CAD and BIM [70], or various standalone programs. In MATLAB, the concept of 
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“hyperpoints” ensures calculations in 3D for a city or a neighbourhood [10,71]. Besides, solar 
potential can be calculated using urban building energy modelling (UBEM) applications [40]. Several 
workflows are based on PostGIS extension for PostgreSQL also exist [72,73].  

In recent years, several comprehensive studies comparing different tools for calculating solar 
potential have been conducted. Jakica [74] compared almost 200 tools to about 70 features and their 
integration in around 50 3D, CAD/CAM, and BIM applications.  

GIS-based software packages such as GRASS GIS, SAGA GIS or ArcGIS possess well-developed 
workflows for conducting solar studies at the regional scale or at the city scale [23]. Despite that, GIS 
applications provide no opportunity to differentiate spatially the resolution of raster data within one 
study and thus reduce the time of calculation. Furthermore, TMY data cannot be loaded as input for 
solar studies in GIS applications easily: each change in the settings of a calculation leads to a separate 
calculation process. The digital surface model (DSM) is still a limited basis for estimating the solar 
potential of façade surfaces. For example, ArcGIS Solar Analyst [26] and other similar applications 
do not consider reflected radiation. Therefore, applications capable of working with 3D vector models 
can be more suitable for façade studies. 

Jakubiec and Reinhart [53] consider popular GIS tools for calculating solar radiation and 
compare them with Radiance-based DAYSIM software that uses 3D models. DAYSIM takes into 
account physically accurate reflections from an urban context and a rooftop temperature. The 
research claims that using a detailed raytracing simulation at the scale of the city (the side of the scene 
was around 8 km) is feasible and produces reliable results.  

According to Giannelli et al. [75], the GIS-based approach is suitable for large-scale preliminary 
studies. For more accurate studies, one can suggest Ladybug Tools or CitySim. In this case, however, 
acquiring some basic knowledge of CityGML might be beneficial, although both software tools allow 
importing other 3D vector formats. On the other hand, this is not the case of SimStadt [76], which 
works exclusively with CityGML data, but has the fastest simulation time. 

A comparison of tools to model incident solar radiation (Wh/m2) on building façades of a 
theoretical neighbourhood 100 x 100 m, was conducted by Thebault et al. [77]. A wide range of tools 
included Ladybug tools, Honeybee, CitySim, Cadsol, ENVI-met. The study showed small variations 
of solar radiation on horizontal unshaded surfaces. At the same time, the distribution of radiation on 
façade surfaces can vary significantly (up to 40%) due to different methods of evaluating sun 
positions, type of diffuse model, or exclusion of the reflection component. As for the reliability of 
results, estimating solar potential on rooftops seems to be more predictable. Using this logic, façade 
studies are more reliable in the case of standalone prominent buildings, where the effect of shading 
or reflected radiation from the surroundings is less significant.  

Regarding performance, processing large territories remains a challenging task for any type of 
software. GIS provides a good starting point for heavy calculations of large datasets, but CAD, BIM 
or other 3D applications usually are not well-suited for such tasks. For instance, according to the 
documentation of SimStadt, to reduce the volume of data to process, dividing a large 3D model into 
rectangular tiles is needed. This concept has been used in various studies [72,66,44]. Square tile sizes 
over 300 m in length are sufficient to calculate solar radiation, including shading and inter-reflections, 
with 1% uncertainty for medium-density districts. In high-density districts like Manhattan, New 
York, a minimum tile size length of 500 m is required [78]. Once the district size exceeds about one 
thousand buildings, SimStadt is likely to crash or slow down due to memory management issues. To 
process large volumes of point clouds, the study by Vo et al. [79] introduces the concept of a “point 
beam” that performs a per-point analysis to keep all details of input data. This concept attempts to 
overcome the tiling approach, which may not include significant obstructing geometry in the 
calculation.  

Another point is related to geometric details compared to the overall size of an analysed site and 
details compared to this size. In CAD applications, details under 1 m and large coordinates at the 
same time can cause longer calculation time or even errors in the analysis [80]. This occurs due to the 
limitation of 15 significant digits. In this case, it seems rational to reduce details in 2D footprints 
before extrusion [81], rather than trying to remove 3D features from solid geometry [82]. 
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To address the rise of computational demand in the case of 3D high-resolution datasets, 
distributed computing is often used [79]. This technology can significantly reduce computation time 
up to ~ 100 000 points per second. Several studies have shown that PostgreSQL 3D calculations can 
be computationally expensive [72]. In this case, if the raytracing process is implemented for each hour 
separately, calculation time can take days for several million study points on a dedicated server 
machine (~ 2 points per second) [73]. To reduce the time for computation, triangulated building 
surfaces can be stored in a bounding volume octree index structure [16]. 

3. Challenges and Gaps 

In general, it is important to provide a sufficient level of usability when evaluating solar 
potential at the city scale. Furthermore, there is a need for integration of large geodata and typical 
CAD/BIM workflows when working with 3D city models. Autodesk Forma [83] and other similar 
cloud-based applications, connect BIM with 3D city models almost seamlessly and provide 
capabilities of analysis, but on a project level only. 

3D CAD and BIM tools are widespread among architects and urban planners. Rhino and 
Ladybug Tools are used mainly at the scale of the neighbourhood or the building and parametric 
studies with lightweight 3D models [12,84–87]. In relation to this, one could say that the Ladybug 
Tools plugin as a CAD-based tool is under-represented in city-scale studies. 

This study attempts to provide an in-depth insight into the applicability of the tools dedicated 
for performing small-scale analysis and simulations, like Ladybug, to evaluate solar potential and to 
explore limitations, performance issues and potential of those tools at the city scale. As for the type 
of geometry, LOD1 3D vector models are considered. The UDT concept and its functionalities are 
related to the solar potential analysis to show how real-world urban scenarios fit into the UDT’s 
lifecycle. Figure 1 presents the main UDT functionalities. The data functionality is at the core, 
providing synchronisation between the physical and digital city based on two-way connectivity 
between them. The physical city use is usually equipped with sensors and devices providing real-
time data for urban processes and environment like air pollution, noise, traffic, etc. The reactive 
functionality analyses this data to obtain insights that can be stored back through the data 
functionality for further visualisation. The “What-If” functionality allows a variety of simulations to 
be performed in the digital twin to explore the impact of potential interventions and make decisions 
about which of them to apply to the physical city. The predictive functionality can be employed for 
planning, which is the case of the current study. In the context of solar potential analysis, it can be 
used for planning buildings appropriate for the installation of PV panels, taking measures for cooling 
buildings exposed to sunlight for more than 8 hours, or assessing the microclimatic comfort of 
outdoor spaces. 

 
Figure 1. UDT functionality utilisation across different urban scenarios, including solar potential use 
case. 
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In general, the paper explores to what extent tools dedicated to small-scale studies can support 
3D analysis within the wider context of UDT, as shown in Figure 1. 

To define recommendations for solar potential analysis using CAD-based calculations at the city 
scale, the following specific questions are considered: 
1. What kind of geometric preprocessing of terrain data and building footprints is required at the 

city scale before further analysis in a 3D CAD environment? 
2. Which components of the calculation of solar potential using the CAD-based raytracing method 

have the most significant impact on computation performance, leading to the improvement of 
data pipelines for UDTs? 

3. How can the results of the calculations be visualised on the web at the city scale to deliver 
valuable insights for decision-making in UDTs? 

4. Materials and Methods 

This section presents the methodology for processing geospatial data and calculating solar 
radiation at the city scale. 

4.1. Study Area and Data 

The territory of Sofia Municipality is characterised by a temperate-continental climate. It is 
located in the climatic region "Sofia Field", surrounded by the mountains. The most prominent 
mountain, Vitosha, in the south, causes various climatic effects [88]. The sunshine in Sofia lasts an 
average of 2065 hours annually, with the maximum occurring in July at 302 hours and the minimum 
in December at 55 hours. The total solar radiation (direct and diffuse) in Sofia is 121.4 kcal/cm2 (1412 
kWh/m2) annually, with peak values occurring in July (with an average monthly value of 17.3 
kcal/cm2, or 201.2 kWh/m2) and the lowest values in December (averaging 3.3 kcal/cm2, or 38.4 
kWh/m2 per month). 

The first case study includes the whole area of the city of Sofia. Due to its diverse geometry, 
infrastructure, and environment, the district of Lozenets in Sofia has been selected as a second case 
study. The district is characterised by low-rise and mid-rise residential buildings. At the same time, 
there are regions to the south with intensive construction.  

The datasets for calculations include vector building footprints, terrain as a raster, and a point 
cloud for the Lozenets district. These data are provided by Sofiaplan, a municipal enterprise 
responsible for the spatial and strategic planning of Sofia Municipality.  

4.2. General Workflow 

The overall workflow for preprocessing geodata, solar studies, and the integration with a 3D 
web platform are shown in Figure 2.  
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Figure 2. The scheme of the workflow. 

First, the simplification of geometry is conducted. The building footprints are relocated closer to 
the origin of the coordinate system and simplified. Then, the footprints were extruded using 
Grasshopper and stored in Rhino as solid geometries. Finally, each building solid was converted to 
a mesh. The raster dataset of the terrain was converted to a 3D mesh and decimated in Meshlab. To 
remove unnecessary terrain parts, several viewsheds were generated using sample points, 
representing potential high-rise buildings in the main city area. In terms of the calculation of solar 
radiation, two cases were evaluated, including rooftops at the city scale and all building surfaces at 
the district scale. For visualisation and dissemination purposes, the resulting meshes were transferred 
to a 3D web platform for geospatial visualisation. The results for the rooftops were directly converted 
to 3D polygons in the Esri shapefile format. The radiation values on 3D surfaces of the buildings at 
the district scale were transformed into textures using the 3D rendering software Blender and 
exported to a 3D web platform. 

4.3. Preprocess Geodata and Generation of 3D LOD1 Buildings 

Building footprints were stored in a PostGIS database as 2D objects and related tables with 
extruded polyhedral surfaces. The import of extruded polyhedral surfaces via the Heron plugin [89] 
into Rhino led to incorrect orientation of face normals. Thus, the extrusion was performed in the 3D 
CAD itself using the capabilities of Heron. Before importing into 3D CAD, 2D geometry must be 
preprocessed. According to Rhino specifications, calculations are expected to be accurate to 15 digits 
of precision in a range from ±1020 to ±10-20. This limitation can be found in all modern CAD 
applications. 

First, the initial footprints were relocated closer to the origin of the coordinate system to 
minimise the range of values. The decimal precision of coordinates can be reduced as well if needed. 
The simplification process appears to be more effective using 2D footprints compared to the 
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processing of 3D geometry. A similar method is explored by Naserentin et al. [81]. Footprints that are 
below a certain area threshold (e.g. less than 20 m2) are excluded from the process.  

To remove details from the footprints, a widely used method of a minimum oriented bounding 
box (MOBB) [90] is applied. If the ratio of a footprint area to an area of a corresponding MOBB is 
higher than 0.9, then this feature can be replaced with an oriented rectangular shape. This step 
removes small details and keeps the overall character of a shape at the same time. Other features can 
be generalised or simplified using algorithms like Douglas-Peucker [91] with selected distance 
parameter (e.g., 1 m). Sub-meter edges can cause very small faces, and this often leads to errors in 
Ladybug Tools while working with large models [92].  

The building footprints were extruded using heights from point clouds and other sources in 
Rhino using the Heron plugin. This step ensures the generation of topologically correct solids. If 
building parts are present, they are merged into one watertight geometry using a grouping field 
previously defined in the dataset with 2D footprints. Thus, the geometry of buildings is modelled in 
LOD1.3, a variation of LOD1, according to Biljecki et al. [93]. The obtained objects were tessellated in 
Rhino with a 3-meter size of an edge. Similar procedures were performed for the dataset of the 
Lozenets district. 

4.4. Effective Shading Terrain Surface and 3D Terrain Generation 

First, a coarse digital surface model (DSM), obtained from ArcGIS WorldDEM service, is utilised 
to define an effective shading surface for the city of Sofia. Figure 3a shows this step which is 
conducted using the viewshed algorithm in QGIS [94]. Observer points were positioned in the corners 
and in the centre of the main city area at a height of 100 m above the ground. Thus, such possible 
high-rise buildings, which could be shaded by the mountains, are used to define a shading surface of 
the terrain. Viewshed areas from the observer points are calculated with a radius of 35 kilometres, 
and the boundary of an effective shading surface is obtained. Then, the DSM model is converted to a 
point cloud with a C++ library PDAL, triangulated, and decimated using variable cell density in 
Meshlab. Finally, Figure 3b demonstrates the mesh clipped with the viewshed boundary in Rhino.  

  
(a) (b) 

Figure 3. Effective shading terrain surface and 3D terrain generation: (a) Viewshed analysis of the 
terrain shading in QGIS; (b) Clipping the terrain with the viewshed 

Two preliminary calculations of solar incident radiation are performed with default settings and 
compared using the sensitivity analysis approach. The comparison of the two cases showed no 
difference in solar radiation of a vertical surface, and this clipped terrain surface can be used for 
further steps. 
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4.5. Weather Data Acquisition 

In Sofia, the highest value of solar radiation can be expected in June, when the sun is at its highest 
position and the amount of air for it to penetrate is at its lowest. Despite that, in reality, the highest 
solar radiation occurs in July, when the air is more transparent, compared to June [95]. According to 
Ivanova [96], the horizontal solar radiation has exceeded the values specified in the local codes by an 
average of 25% annually over the last 10–15 years, reaching up to 33% in July. 

TMY datasets from various sources must be compared and adapted according to local 
measurements [97]. Nevertheless, several concerns about the precision of such measurements exist 
[31]. 

If one takes the centre of Sofia (42.694296°, 23.321056°), the visualisation of a shading mask by 
Global Solar Atlas [98] represents the potential impact of a surrounding terrain [Figure 4]. The 
Vitosha mountain blocks a certain amount of solar radiation from the south in autumn and winter. 
Other sectors are less significant.  

 
Figure 4. Shading mask according to Global Solar Atlas. 

In the case of PVGIS datasets, solar data can be acquired for any specific site in the TMY format. 
However, there is no clear understanding of whether PVGIS datasets exclude terrain shading or not: 
both datasets, downloaded from the website, show identical values. Therefore, a dataset in the 
EnergyPlus Weather Format (EPW) from Climate.OneBuilding.org is selected. The EPW file contains 
8760 hourly values of a year for each meteorological parameter. This file format stores TMY data, and 
it is often used for solar studies in applications such as Ladybug Tools.  

4.6. Calculating Solar Radiation  

This section discusses a simplified calculation of solar radiation compared to the Radiance-based 
Honeybee algorithms, also included in the Ladybug Tools suite (v. 1.6.0).  The overall process of the 
calculation in LBT is represented in Figure 5. First, TMY weather data is imported as the Ladybug 
Import EPW component. Location, direct normal radiation, and diffuse horizontal radiation feed the 
generation of the Cumulative Sky Matrix component for a specified period of the year. The output of 
this component is used to calculate cumulative radiation coming from each face (patch) of the 
subdivided sky dome. The next component computes incident radiation, also known as irradiation, 
for study objects, considering shading geometry and self-shading. The resulting data from the 
Incident radiation component can be exported as coloured meshes and various tabular data. 
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Figure 5. Calculation of Incident Radiation in Ladybug Tools. 

4.6.1. Generation of the Cumulative Sky Matrix 

Creating the cumulative sky matrix is essential before conducting incident radiation analysis 
with Rhino geometry or generating a radiation rose [99]. The component uses TMY data: location, 
direct normal irradiation (in LBT – direct normal radiation), and diffuse horizontal irradiation (in 
LBT – diffuse horizontal radiation). This component runs the Radiance's gendaymtx function to 
calculate the total radiation for each patch of the sky for a specified period of the year (by default all 
the 8760 hours of a year are selected). A similar procedure is used by the software SOLARES [100]. 
The LB Cumulative Sky Matrix component takes weather data as input (e.g., pre-processed from an 
*.epw weather file) and produces a matrix of sky segment radiance values for a selected period (e.g., 
yearly, monthly, daily) using the Perez all-weather sky model. The average cloud cover for each hour 
of the sky is accounted as well. The resolution of the cumulative sky matrix affects precision and 
calculation time. The number of intersections between a face and shading geometry is associated with 
the number of faces in the study mesh and the number of patches in a selected sky subdivision. By 
default, Tregenza sky (145 patches) is used for both hemispheres, which leads to 290 intersections for 
each study face. When the option “high density” sky is activated, the Reinhart subdivision (577 
patches) generates 1154 intersections for both hemispheres for each study face, which is almost four 
times higher compared to the Tregenza sky. 

Using a precomputed sky matrix that accumulates solar radiation significantly reduces the time 
needed for calculations. As a result, there is almost no difference between studying a full year of 8760 
hours or just a single day once the matrix is computed. At the same time, it is unknown when and for 
how long a face is shaded [75]. 

4.6.2. Ladybug Incident Radiation 

Calculation of incident radiation [101] on mesh faces is performed using the output from the LB 
Cumulative Sky Matrix and the intersection matrix between a face and shading geometry. Input 
geometry and shading geometry are tessellated with predominantly quadrilateral faces by the 
component with a desirable size of a cell. However, one can tessellate geometry beforehand to avoid 
additional calculation tasks in the Grasshopper workflow. For each centroid of the mesh face, the sky 
mask is constructed. This mask blocks radiation from the sky dome and the resulting value of 
radiation is computed. The Incident Radiation component does not include any reflections of solar 
energy. Ground-reflected radiation is represented by an emissive "ground hemisphere" associated 
with the LB Cumulative Sky Matrix component. The default value for ground reflectance is set to 0.2 
(20% of the intensity of the sky hemisphere), and it is taken into consideration only when the physical 
ground surface is absent. The ray tracing is conducted for a full sphere around each point (a centroid 
of a mesh face). Nevertheless, geometry representing the ground surface will block reflected radiation 
from the virtual ground.  
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4.6.3. Transferring Results to a 3D Web Platform 

The output from LB Incident Radiation is represented by a coloured mesh, with each face having 
a vertex colour assigned. The resulting mesh is not divided into the initial buildings if processed in a 
regular way. The exact value for each face is exported as a separate list of values. In the case of roofs, 
results can be converted to geodata easily. For this purpose, a plugin, Heron, was utilised. Within 
GIS, the initial footprints are enriched with simulation results using the spatial join. Then separate 
grid cells are categorised by radiation values and dissolved into larger 3D polygons, so the range of 
values and the number of objects to be visualised in a 3D web platform are reduced significantly. 

Vertical surfaces, e.g., façades, are harder to export to a geospatial format. In addition, it is hard 
to visualise a few millions 3D faces in a regular web browser. In addition, vertex colours of a large 
mesh cannot be shown on platforms like ArcGIS Online or CesiumJS. Another issue is related to the 
data structure of the output from LBT: all the resulting 3D meshes are merged by the Incident 
Radiation component into one single mesh. 

Transferring vertex colours to textures from the initial 3D model to the simplified 3D model was 
conducted, as illustrated in Figure 6. This kind of process is also called texture baking. Thus, the 
textures mapped on 3D models store the visual results of the calculation. 

 
Figure 6. Texture baking in Blender for the study mesh (a), 3134 faces, and the simplification of the 
mesh, 292 faces, in 3ds Max (b) 

FME Form imports textured meshes of the 3D building and converts them to a geodatabase in 
ArcGIS. Then these data are exported to a 3D web platform. Thus, two methods of visualising 
calculation results on the web are envisioned.  

5. Results 

This section presents the experiments conducted and the obtained results. The first experiment 
estimates the impact of large distant shading objects (e.g., mountains) on calculation results. The 
second study, based on synthetic data, evaluates optimal settings for the resolution of meshes while 
using the Incident Radiation component in Ladybug Tools. Case 1 explores a process of preparing 
building footprints and performing calculation of incident radiation for the city of Sofia. Only the 
rooftops of 64379 residential buildings are included in the analysis. Acquired simulation results are 
exported as separate grid cells with radiation values to a 3D web platform. Case 2 demonstrates the 
usage of the Incident Radiation component for all surfaces of 4796 buildings in the district of 
Lozenets, Sofia. The results of the simulation were transferred as 3D textured geometry for 
visualisation on the web. The radiation results are assessed through sensitivity analysis rather than 
by using absolute values. This approach allows for a more nuanced understanding of how changes 
in input variables impact the outcomes, providing a clearer picture of the factors influencing the 
radiation levels. 
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The study was conducted using the following computer configuration: i7-7700, RAM 32 GB 
DDR4 2133 MHz, GTX GeForce 1050 Ti, and SSD. 

5.1. Impact of Large Distant Shading Objects 

This step assesses the impact of distant shading objects on calculation results. All the calculations 
are conducted using ground geometry. Figure 7 shows two cases examined for two sample buildings: 
the impact of a distant mountain on horizontal planes (flat roofs) and a vertical plane (a wall). The 
selected vertical planes for the evaluation are facing southwest. The Reinhart subdivision is selected 
for a more detailed assessment of shading. 

 

Figure 7. Location of the sample buildings 

A real terrain surface is selected, where the Vitosha mountain obstructs radiation coming from 
the sky dome. Most areas of Sofia are exposed to direct sunlight. Figure 8 represents how the terrain 
obstructs the path of the sun for Building 1 and Building 2.  

  
(a) (b) 

Figure 8. Terrain shading in Global Solar Atlas of Building 1 (a) and Building 2 (b). 

As shown in Table 1, there is no significant impact (2.5% of unobstructed radiation) of distant 
mountains on the horizontal faces of Building 1, which is located near the mountain. The impact of 
the mountains on the horizontal faces of Building 2 is almost negligible (99.9%). Table 2 demonstrates 
the higher rates of reduction of incident radiation on vertical faces.  
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Table 1. Distant shading. Horizontal plane (roof). 

 total kWh, y shading from the terrain Percentage 
Building 1 145570.0877 no 100.0% 
Building 1 141928.7915 yes 97.5% 
Building 2 145456.3552 yes 99.9% 

Table 2. Distant shading. Vertical plane (wall) – south-west direction. 

 total kWh, y shading from SW percentage 
Building 1 231873.0974 no 100.00% 
Building 1 195235.4617 yes 84.20% 
Building 2 221454.6975 yes 95.51% 

In addition, the assessment of a shading context, similar to the functions of Global Solar Atlas or 
PVGIS, can be conducted using the Sky mask component. Sky mask, based on the selected sky matrix, 
can be visualised as a fish-eye projection in Grasshopper after the incident radiation is calculated and 
an intersection matrix is generated. This can be useful to evaluate the relationship between shading 
objects and the sky matrix of a selected point. However, visualisation of the Reinhart-based sky mask 
was only achieved due to several inconsistencies of the component. 

5.2. Synthetic Buildings 

This essential step demonstrates the relationship between the tessellation of a study mesh, the 
sky dome subdivision, and the resulting time of calculation. The impact on calculation time of the 
face count of a study mesh, the face count of a context mesh, and the resolution of the sky dome is 
explored. The calculation is conducted using a set of 3D buildings representing an urban area (Figure 
9). The variations in height help to assess local shading effects (e.g., higher buildings to the north will 
block diffuse radiation). 

 
Figure 9. Input geometry for the study. 

The absence of ground surface allows reflected radiation to contribute to the overall values. 
Figure 10 demonstrates two cases of calculated incident radiation, without shading geometry and 
with shading geometry, respectively. 
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(a) (b) 

Figure 10. Solar incident radiation without shading (a) and with shading (b). 

Table 3 shows various scenarios for the calculations: the Tregenza subdivision of the sky dome 
(Tr), the Tregenza subdivision of the sky dome including shading geometry with 446984 faces (Tr, 
shading), the Reinhart subdivision of the sky dome (R), the Reinhart subdivision of the sky dome 
when every box is calculated separately (R, graft). To ensure the stability of calculation, a study with 
5146622 faces used a scaled model with a 1 m size of a grid instead of 0.25 m. Freezing of the computer 
is shown as “-”. 

Table 3. Calculation time for various numbers of faces, sky subdivisions  

cell size, m face count Tr, s Tr, shading, s R, s R, graft, s 
3 35931 22.5 22.6 84 84 
2 78806 30 49.6 180 186 
1 321574 198 198 840 804 

0.75 568692 372 354 2400 2016 
0.5 1286308 798 834 - - 
0.4 1988897 1572 1960 - - 

0.25 5146622 33480 - - - 

Figure 11a demonstrates a linear character of the time/face count ratio. After 2 million faces, the 
time cost begins to increase exponentially, and the application starts to freeze frequently. Figure 11b 
shows a slight decrease in time for the Reinhart subdivision with grafting. Despite that, separating a 
set of objects into chunks using the grafting method in Grasshopper does not provide a stable solution 
when the RAM is full, and Rhino starts to use the pagefile as virtual memory. This can be resolved 
by increasing the amount of the RAM or by performing calculations in parallel using the Hops add-
on. 

Shading geometry can be added separately in the LB Incident Radiation component. Figure 11c 
shows that there is no significant impact of a shading mesh with 446984 faces on calculation time, but 
slight differences arise on the higher number of faces. This is possible due to the relatively low 
number of patches in the Tregenza sky model. In addition, shading geometry does not reflect any 
radiation and just blocks the rays between an evaluated point and a sky patch. 
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(a) (b) (c) 

Figure 11. Calculation time and face count: (a) Tregenza sky; (b) Tregenza sky, Reinhart sky, and 
Reinhart sky with grafting; (c) Tregenza sky without shading geometry and with shading geometry. 

5.3. Case 1. City Scale 

In this case, the calculation of the solar potential for the entire city of Sofia, including the terrain 
of the surrounding mountains, is considered. 

All the datasets have been acquired from Sofiaplan in the *.shp format, BGS2005 / CCS2005 
(EPSG:7801). The building heights were calculated based on the number of floors above the ground. 
The height of the floor in a building was determined according to the functional usage. 

The goal of this case is to evaluate the calculated point count and the possible scale of the shading 
surfaces. However, the assessment of the whole city surface (as we could imagine in the case of 
ArcGIS) cannot be achieved without processing in batches. The calculation of flat surfaces is not so 
useful in 3D and can be done using 2.5D raster datasets as well.  

First, the optimised surface of the terrain was imported into Rhino. Then the relocated footprints 
were loaded via Grasshopper, extruded, and stored as a single mesh object within Rhino. Thus, the 
number of operations involving large data processing in Grasshopper was reduced.   

To reduce time-consuming calculations, only 64379 rooftops of residential buildings were 
selected for the analysis. Footprints with areas below 20 m2. were excluded. The total size of the 
dataset resulted in 17233 by 18327 m. All the selected building contours were simplified and relocated 
closer to 0,0 using SQL queries in PostGIS. The resulting contours were imported in Grasshopper and 
extruded. The conversion of boundary representation objects into meshes with 3-meter edge length 
resulted in 1909499 faces. The calculation took 1926 seconds. The option for a 2-meter edge length 
was also explored and resulted in 3698725 faces. The calculation took 12 240 seconds, which 
demonstrates a significant increase in time. Therefore, one can recommend 2 000 000 faces as the 
optimal mesh size for calculation using a hardware configuration similar to PC1. 

The resulting cells were exported to Esri Shapefile format. To reduce the number of polygons, 
the radiation values were dissolved using a unique identifier and uploaded to ArcGIS Online. Figure 
12 demonstrates visualisation of the results in Rhino and in ArcGIS Online.  
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(a) (b) 

Figure 12. (a) solar potential in Rhino; (b) solar potential in ArcGIS Online 

5.4. Case 2. District Scale 

To calculate all the building surfaces, the district Lozenets was selected. The extent of the district 
is 5813 by 2365 m. Footprints from the cadastral map were subdivided into parts according to height 
differences. The initial DSM was clustered into groups by height value using the Segment Mean Shift 
algorithm in ArcGIS Pro.  

Following the procedure described in Section 4.3, the building footprints of the district were 
optimised and imported into Grasshopper. The surrounding terrain was imported as well. Settings 
for the calculation were used as follows: the Tregenza sky subdivision, grid size 3 m, 1008585 faces 
for analysis. This step was executed in 684 seconds. To obtain solar potential for each building 
separately, the process of grafting in Grasshopper was applied to 4796 buildings. This calculation 
took 15 480 seconds. 

To transfer such a large mesh with colored vertices to a 3D web platform, a method proposed 
by Bremer et al. was used. Figure 13 shows a visualisation of solar potential in Rhino and ArcGIS 
Online. Figure 14 illustrates similar visualisation in CesiumJS, using the same datasets. 

  
(a) (b) 

Figure 13. (a) solar potential in Rhino; (b) solar potential in ArcGIS Online. 
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(a) (b) 

Figure 14. Solar potential visualisation in CesiumJS; (a) rooftops of residential buildings in Sofia; (b) 
building surfaces in the district of Lozenets. 

6. Discussion 

In general, the findings indicate that the method based on raytracing algorithms and CAD 
software can be applicable for the assessment of solar potential at the city scale. The experiments 
conducted with synthetic data confirm the ratio between a count of faces and calculation time.  

6.1. Use Cases 

Case 1 shows the possibility to include in calculations large-scale shading. Evaluating solar 
potential for numerous study meshes across a city is feasible without dividing a 3D city model into 
batches. The overall face count should be less than 2 000 000 points for stable calculation on a regular 
computer with 32 GB of RAM. To keep calculations stable, façades can be assessed separately. 
Exporting to a 3D web platform using the Esri shapefile format with 3D geometry seems to be a 
robust and simple approach.  

Case 2 explores the evaluation of the solar potential of a compact area (for example, a city 
district) in 3D. If radiation values are needed for each building separately, simulation takes 15480 sec. 
To avoid grafting in Grasshopper, one can generate mesh as geodata before calculations and join 
further results using a unique identifier. For identification purposes, coordinates of a centroid and a 
normal vector can be used. Table 4 shows similar ratio values for three experiments across all the 
scales. The smallest ratio value belongs to Case 1, where the size of shading meshes is quite large. 

Table 4. Comparison of the ratio between face count and calculation time 

 study area, km2 face count time, s ratio face count / s 
Synthetic buildings 0.23 1988897 1572 1265.2 

Case 1 315.6 1909499 1926 991.4 
Case 2 13.74 1008585 684 1474.6 

As for more powerful hardware configurations, one can use RAM with higher capacity. Figure 
15 shows a comparison between the initial configuration and the more advanced one (i7-13700F, 
RAM 128 GB 4000MHz, RTX GeForce 4070, SSD – PC2) for the synthetic buildings. The calculation 
of solar radiation for 5 000 000 points does not exceed 40 minutes on PC2, while the same count of 
points takes more than 9 hours.  
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Figure 15. Comparison PC1 and PC2 

Traditional GIS tools show comparable performance. For example, the Area Radiation tool in 
ArcGIS computes 78 000 000 cells (2731 km2) for 14 400 seconds (24 hours), and the ratio face count/s 
is around 902. The process of calculation is very stable with large volumes of data. The use of GPUs 
can be essential for such calculations. The Raster Solar Radiation tool, which is GPU based, computes 
78 000 000 cells for 900 seconds, so the ratio face count/s is above 86 000. 

In terms of geometry, the method mentioned suggests a certain flexibility in generating meshes. 
Study meshes or shading geometry can be represented as non-watertight meshes, while watertight 
geometry is usually required in CFD applications. In the case of analysis at the city scale, it is 
recommended to keep the edge length and the face area above 1 m and 1 m2, respectively. Coordinate 
values have to be reduced as well. 

The task of visualising in 3D, especially on the web, is still quite challenging. One can export 
incident radiation values and grid cells in separate streams. Then each cell can be linked with a 
corresponding value using coordinates and a normal vector as a joining index. Point clouds are also 
a potential playground for the representation of results. Transferring simulation results from 
coloured meshes to textured 3D models can be a viable option when the meshes are highly detailed. 

6.2. Limitations 

In this study, no reflected radiation and material properties are considered. Vegetation is 
disregarded as well, but it can be added easily as a shading geometry. Adaptive meshing for roofs 
and façades was not implemented. The considered method is suitable for cumulative radiation 
values. However, exact hours of direct sunlight cannot be identified if the duration of solar access is 
required. While live updates are not part of the method in the case of large models, the software itself 
is specifically designed to give dynamic feedback for small 3D datasets. TMY weather data should be 
compared to local measurements and modified if needed [39]. In addition, other raytracing engines 
can be explored. 
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6.3. Challenges and Gaps 

This section discusses the main research findings according to the challenges and gaps defined 
in Section 3. 

First, the kind of geometric preprocessing of terrain data and building footprints is investigated 
by considering further analysis in a 3D CAD environment. For this purpose, all the geometric data 
have to be relocated closer to the origin of a CAD environment. If model units are meters, geometric 
details under 1 meter (for example, edge length) should be avoided in the case of large models. In the 
case of mountains, distant shading geometry can be defined using the viewshed approach. Shading 
geometry can be subdivided using the minimal count of faces. For study meshes, one can extract faces 
that are needed only for the assessment. 

In terms of performance and precision, the sky dome subdivision and study mesh resolution are 
crucial parameters for the calculation of solar potential using the CAD-based raytracing method, like 
Ladybug Incident Radiation. All the calculations were conducted in one batch. A shading mesh can 
be quite large. Surrounding mountains can reduce solar potential in the case of vertical faces (e.g., 
building walls) by up to 20%. In the case of the component Ladybug Incident Radiation a number of 
2 000 000 faces is feasible for a standard computer configuration with 32 GB RAM. The ratio of face 
count per second averages 1200. 

Finally, the visualisation of results on the web at the city scale is explored with the aim of 
delivering valuable insights for decision-making in UDTs. There are several ways to visualise 
simulation results of solar potential on the web at the city scale. The first method assumes dissolving 
mesh faces with the same values into larger faces. This approach ensures straightforward access to 
the radiation values within the context of the UDT web interface. The second method proposes to 
transfer radiation results to the textures of a 3D model (so-called “texture baking”), so that initial 
study meshes can be replaced with 3D models with a low number of faces.  

7. Conclusions and Outlook 

The existing research background considers CAD-based calculations mainly at the scale of the 
neighbourhood or the district. Evaluating solar potential at the city scale in one batch seems to be 
impractical because it can be done with convenient GIS tools with higher stability or using the tiling 
approach. However, this study explores the possibilities and limitations of the CAD-based approach 
in the calculation of solar incident radiation at the city scale. According to the requirements of most, 
the method proposes to generalise and relocate all geometry data closer to the origin in a CAD 
environment. To reduce terrain shading surfaces, the viewshed calculation for a study is utilised in 
GIS. A synthetic dataset and two cases were considered to define the optimal face count of study 
meshes for the simulations. As a result, a number of 2 000 000 faces can be used as a reference point 
for a regular computer with 32 GB of RAM for future studies. The key findings show almost no 
difference in the scale of a study, whether it is a district or a whole city. The ratio of face count per 
second reaches 1200-1400 faces approximately. 64379 roofs for the whole city and 4796 buildings for 
one district were evaluated. Large distant objects such as mountains can reduce radiation values on 
vertical walls by up to 20%. All calculations were performed in one step. Therefore, the use of a 3D 
CAD environment could establish a seamless process of updating 3D models and simulations for 
UDTs, while preprocessing of geometry in GIS ensures working with large-scale datasets. Finally, the 
results were visualised in a 3D web platform using 3D polygons and textured building models. Two 
options for visualisations were used: proprietary software and an open-source solution. 

In future work, usage of the CityGML data model for buildings is anticipated to store simulation 
results. Calculations can be extended to include reflected radiation, material properties, vegetation 
and dense photogrammetric meshes. To ensure dynamic feedback between solar studies and a UDT, 
a method of updating simulation results should include effectively partitioning a 3D city model.  
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