
Solar Energy Advances 2 (2022) 100030 

Contents lists available at ScienceDirect 

Solar Energy Advances 

journal homepage: www.elsevier.com/locate/seja 

Adapted strategy for large-scale assessment of solar potential on facades in 

urban areas focusing on the reflection component 

Raybaud Blaise, Desthieux Gilles ∗ 

Haute école du paysage d’ingénierie et d’architecture de Genève (HEPIA), Institute for Landscaping Architecture Construction and Territory (inPACT), University of 

Applied Sciences Western Switzerland, (HES-SO), Geneva, Switzerland 

a r t i c l e i n f o 

Keywords: 

Solar potential 
Facade 
Reflection 
Radiosity 
Photovoltaic 
Urban scale 

a b s t r a c t 

The objective of this paper is to propose an adapted method of calculation to evaluate the solar potential on 
building facades on a large scale. Autonomous electricity supply is nowadays an important issue, particularly 
during the winter. Thus the facades of buildings, which are better irradiated in winter than the roofs, can provide 
a response to this issue. Research has been focusing for several years on fine modeling of radiative phenomena 
in an urban environment. The first challenge is to obtain a physically realistic model considering the phenomena 
of local reflections. The second challenge is to succeed in implementing this type of simulations on large scales. 
These two issues are antagonistic: the first implies making the model more complex while the second implies 
simplifying it. This paper proposes a calculation strategy to reconcile the two issues based on a simplified radiosity 
method. The results obtained via this strategy were compared to those obtained by measurement and simulation 
on a theoretical canyon. Subsequently, this calculation strategy has been deployed to real districts in Geneva, 
Switzerland. 
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. Introduction 

Energy and climate transition face to high electricity demand, in
articular through the massive development of heat pumps, e-cars and
ooling systems. This results in growing pressure on the power grid,
hich can be linked to the current international increase in electricity
rices and the risk of power blackouts. Solar energy is essential to en-
ure greater autonomy of urban agglomerations in their energy supply,
y exploiting available local and renewable resources particularly on
uilding surfaces. 

The challenge is to integrate solar collectors as constructive elements
f the building envelope (roof, façade) so that all surfaces become en-
rgy producers. This is known as BAPV (Building Applied Photo-Voltaic)
r BIPV (Building Integrated Photo-Voltaic). However, the use of fa-
ades faces several obstacles: heritage, esthetic and architectural as-
ects, available space, significant costs, insufficient technical control.
ew technologies are emerging that allow the choice of colors in par-

icular [ 1 , 2 ]. 
Another limiting factor for enhancing facades is the level of shading

hat is often significant in urban canyons. This phenomenon is known
s the Urban Shading Ratio (USR), which can reach 60% on the façade
nd 25% on the roof in the densest areas [3] . If shadows are the main
ause of the limited solar potential, the reflection generated between
eighboring buildings can provide a significant amount of energy de-
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ending on the circumstances of the case. The challenge is therefore to
eliably model solar irradiance on facades in the built environment and
o detect the facade elements that can accommodate solar panels. Those
lements particularly concern opaque elements not occupied by win-
ows, even if active production technologies are emerging for glazing.
odeling tools exist for this purpose, which will be presented in part 2,

ut they generally address a smaller number of buildings, and are often
oo time-consuming to work on larger scales. 

In this context, the objective of the paper is to propose a tool for mod-
ling the solar potential on vertical facades adapted to the scale of urban
enters ( > 1 km 

2 ) with reasonable computation times, paying particu-
ar attention to the reflected radiation which is the most complex com-
onent to model. The presented approach is based on tools previously
eveloped by the authors [4–6] . These have made it possible to process
he solar potential of roofs over large areas (up to 2000 km 

2 ), as well as
he potential on the facades of urban districts. However, the reflected
omponent was processed according to a macro approach, which may
ot be realistic given the complexity of the phenomenon. The present
aper therefore focuses on the development of a more relevant reflection
odeling strategy. 

The article is structured as follows ( Fig. 1 ). Following the present
ntroduction, Chapter 2 gives a state of the art of existing solar poten-
ial calculation models for buildings. Strength and weaknesses of each
odel are detailed. Then, the previous model already developed by the
 November 2022 
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Fig. 1. Structure of the article. 
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Nomenclature 

CadSol CadSol model framework for processing solar cadaster 
DSM digital surface model 
DTM digital terrain model 
R-Cadsol “Reflected – CadSol ”: model component integrated in 

the CadSol framework to process reflected irradiance 
on facades 

SVF sky view factor 
Symbol relevance 
𝐼 
𝐺,𝑖 

global incident irradiance on the i th scene point [ 𝑊 ∕ 𝑚 

2 ] 
𝐼 0 
𝐺,𝑖 

primary irradiance on the i th scene point [ 𝑊 ∕ 𝑚 

2 ] 
𝐼 
𝐷,𝑖 

diffuse incident irradiance on the i th scene 

point [ 𝑊 ∕ 𝑚 

2 ] 
𝐼 
𝐵,𝑖 

beam incident irradiance on the i th scene point [ 𝑊 ∕ 𝑚 

2 ] 
𝑅 𝑖 incident irradiance by reflection on the i th scene 

point [ 𝑊 ∕ 𝑚 

2 ] 
𝐵 radiosity: total incident irradiance (with reflections) 

[ 𝑊 ∕ 𝑚 

2 ] 
𝐵 

𝑡𝑜𝑡 received irradiance after all the reflections [ 𝑊 ∕ 𝑚 

2 ] 
𝐵 

𝑖 incident irradiance of the i th reflections 
𝐵 

𝑠𝑘𝑦 incident irradiance projected on the sky mesh 
Symbol relevance 
𝜌 reflection coefficient 
𝜌𝑔 ground reflection coefficient 
𝛽 tilt angle of the plane 
𝑆 𝑖 surface area associated to the i th scene point 
𝑑𝑆 𝑖 infinitesimal variation of the variable 𝑆 𝑖 
𝜃𝑖 angle of incidence on the scene point 𝑖 
𝐸 initial incident irradiance [ 𝑊 ∕ 𝑚 

2 ] 
𝐹 form factor matrix 
𝑟 𝑖,𝑗 distance between scene points 𝑖 and 𝑗 [ 𝑚 ] 
⃖⃖⃗𝑛 𝑖 normal vector on scene point 𝑖 

uthors, CadSol, is presented in a Chapter 3. This introduces Chapter 4:
he development of the new model component, R-Cadsol for a more reli-
ble and accurate modeling of the solar reflection at large scale based on
adiosity. A validation of the model is detailed in Chapter 5 and Chapter
 presents the results on a real scene. Chapter 7 concludes the paper by
ome discussion and perspective words. 

. Review of the existing models 

Several models can be used to calculate urban irradiance at different
cales and with different degrees of accuracy. Solar potential calculation
odels must meet two requirements: a sufficiently large-scale calcula-

ion with a reasonable calculation time. Different calculation strategies
xist, seeking to balance between physical accuracy, scale of analysis,
omplexity and ease of use while considering computer constraints. 

Table 1 provides a comparative view of the most common solar mod-
ls based on information from the literature review. 

The models are compared and filled in according to the following
elds: 

• Model: name of the model; 
• Author: the institution that developed the model; 
• Date: launching year; 
• Quick description of the model based on the website of the

model/institution and the references in the literature. 
• Adapted scale of the model based on the known practice of the model

and the references in the literature. The scale of use of these models
goes hand in hand with their spatial accuracy, the resolution of the
used urban model, the spatial unit (cloud of scene points or meshes)
and the computing performance. The considered scales are the fol-
lowing: (i) block of buildings, i.e. a couple of buildings in a small
2 
space area (less than 500 m2), which means building and its closest
neighbors, (ii) district, i.e. urban area ∼1 km2, (iii) large scale on
several square kilometers. 

• Methodology: if facades (in addition of building roofs) are computed,
if yes with which method for the reflection component. 

Most models can handle district scale computation, but large-scale
omputation considering reflections, whatever the method used (radios-
ty or ray tracing), is still a challenge today. 

A benchmarking study was carried out between CadSol and many of
he listed models in this chapter [ 23 , 26 ]. The study dealt with typical
ays in winter and summer on theoretical blocks of buildings based on
he same hourly weather data. Compared tools showed similar hourly
adiation results on facades and roofs. But tools that address building
cale propose finer spatial variation patterns along the facades, due to
maller computation time scale and a large number of specific parame-
ers. 
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Table 1 

Overview of the main models for assessing the solar potential in urban areas (large scale: about 1 km2, district scale: a few buildings). Other models not presented 
here because they are not widely used or have been abandoned. Those models are detailed in [25] . 

Model Author Date Quick description Adapted Scale Methodology 

CitySim EPFL / LESO-PB 2003 CitySim is based on a simplified radiosity model (SRA) [7] Large scale [8] Radiosity 
SOLENE Creneau – Laboratoire 

AAU 
2000 Calculations of sunshine at the neighborhood scale taking into 

account solar reflections by radiosity method [9] . This tool is 
now used by SOLENEOS to analyze urban heat islands [10] . 

Block of buildings [10] Radiosity 

Grasshopper 
Honeybee 

Ladybug tools 2016 This model can be seen as the Ladybug model enriched with a 
consideration of solar reflections [11] . Reflections are 
calculated using ray tracing algorithm, in particular the 
Radiance software. 

District Ray Tracing 

Grasshopper 
Daysim 

MIT 2001 Daysim is a software dedicated to urban solar radiation 
calculations based on a ray-tracing strategy [12] . It uses 
Radiance as a calculation engine. Solar reflections on surfaces 
are evaluated. 

District [ 13 , 14 ] Ray Tracing 

Grasshopper Diva Solemma 2008 Design Iterative Validate Adapt (DIVA) is a black box plug-in 
that fits into the Rhinoceros software. It processes sunshine 
according to a method using the Radiance software. This 
method of calculation is coupled with the precision of the 
Rhinoceros and considers complex geometries. 

District [ 15 , 16 ] Ray Tracing 

Climate Studio Solemma 2020 ClimateStudio is the black box software currently offered by 
the company Solemma. The sunshine calculation model has a 
similar operation to DIVA and then using Radiance 

District Ray Tracing 

Archelios Map TraceSoftware 2019 Black box software that allows to calculate sunshine maps on 
roofs from 3D models and to manage solar PV projects. The 
cast shadows are taken into account but not the solar 
reflections on surfaces [18] 

Large scale Facades not computed, 
global irradiance (no 
reflection modeling) 

Smart City Energy LIST 2019 The Smart City Energy Platform [19] supports cities to develop 
new strategies and opportunities for sustainable energy 
transitions. In particular, the authors [20] developed a 
forecasting model for Luxembourg, able to predict the expected 
regional PV power up to 72 h ahead. 

Large scale Facades not computed, 
global irradiance (no 
reflection modeling) 

Grasshopper 
Ladybug 

Ladybug tools 2013 Ladybug provides climate graphics based on weather files and 
supports solar radiation studies, view analyses, and 
sunlight-hours modeling. It is embedded within the visual 
programming language environment Grasshopper, linked to 
Rhino3D [21] . Only cast shadows are considered [11] . 

District [ 17 , 22 ] No reflection modeling 

CadSol HEPIA 2018 Model used for the solar cadaster of Geneva for roofs, floors 
and facades [ 5 , 6 , 28 ]. 

Large scale The consideration of 
reflected radiation is 
approximate based on 
Iqbal model [24] 
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In general, the larger the processed area simulation is, the less pre-
isely the optical properties of reflections are modeled. The constraint
ehind this choice is usually a computational time constraint. Then,
one of the proposed models allows the calculation of urban solar
adasters with the required geometric finesse and the desired accuracy
n optical reflections. Archelios map and CadSol are the only models
hat allow the calculation of large-scale solar cadasters. However, Arche-
ios does not consider the solar reflections nor process solar potential on
acades, while CadSol is based on approximate model of reflection (see
.2.2). In CadSol, cities and regions are not processed as a whole, but
rough a set of 3 × 3 km tiles (actually 3.2 km considering mutual shad-
wing between tiles over a distance of 200 m). 

Faced with this observation, this article proposes an improved ver-
ion of the CadSol model based on an adapted and adequate model of
eflections, with the objective of finding the best compromise between
 reliable calculation of the reflection and the analysis of the solar po-
ential on a large scale. 

. CadSol 

.1. Workflow 

The CadSol tool [5] has been using for more than 10 years to process
nd update the solar cadaster of the roofs of the Canton of Geneva [ 5 , 6 ].
he solar cadaster was recently extended to the Greater Geneva [ 4 , 27 ].
 Web application [28] was also developed to allow any owner to view

he solar potential on the roof and simulate the self-consumption of
olar PV. 
3 
A workflow of this tool is introduced here including the improvement
roposed in this paper concerning the modeling of optical reflections
 Fig. 2 red box). The different calculation steps of the CadSol model
se different software and computer languages as highlighted by the
olors. The original CadSol model is able to calculate irradiances on
ery large scale, but without taking into account reflections from the
uilt environment in appropriate manner. The purpose of the R-Cadsol
odel is to thus to fill this gap. 

The following sections present a detailed review of the calculation
teps of the original CadSol model providing the input variables for the
ptical reflection model. 

.2. Integration of the scene 

As presented in [6] , the DTM and DSM data are derived from LIDAR
eld surveys. The frontage points are deduced from the difference in
ltitude between the DTM and DSM models with an arbitrarily defined
tep in space. Such models are described as 2.5D models with a simpli-
ed geometry compared to reality, especially on the facades, which are
hen flattened. The facades also have a default slope of 90° without con-
idering overhangs, and homogeneous azimuth, which is attributed to
ach point along the facade. Particular cases like rounded faces will be
odeled using the DSM that enables to consider slope variation. Because

f the formats of these files, it is easier to work with a scene composed
f cloud of points and not of meshes. Building a mesh network from
he scene points is indeed complicated. The difficulty lies in ensuring
hat all the meshes are joined throughout the scene and that the gener-
ted surfaces are consistent with the surfaces of the real scene. This is a
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Fig. 2. Global CadSol workflow for the calculation of solar radiations on roof and façades including reflections. 
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athematical problem not studied in this project. The choice was then
ade to find a solution allowing to work on the cloud of points. 

.3. Sky model and shadow casting 

The Eq. (1a) presents the global incident irradiance on the ith point
 𝐼 
𝐺,𝑖 

) , from direct or beam incident radiation ( 𝐼 
𝐵,𝑖 

), diffused incident
adiation ( 𝐼 

𝐷,𝑖 
) and reflected incident radiation ( 𝑅 𝑖 ). The Eq. (1b) intro-

uces the primary irradiance, composed by the beam and diffuse com-
onents only, as the main input of the radiosity calculation (see Chapter
.3). 

 

𝐺,𝑖 
= 𝐼 

𝐵,𝑖 
+ 𝐼 

𝐷,𝑖 
+ 𝑅 𝑖 (1a)

 

0 
𝐺,𝑖 

= 𝐼 
𝐵,𝑖 

+ 𝐼 
𝐷,𝑖 

(1b)

.3.1. Beam and diffused irradiance 

As detailed in [6] , the modeling of the primary irradiances (beam
nd diffuse) is performed using an open source model encoded with
AVA. This latter has been then moved to C ++ and CUDA in order to
mprove computing performance using a GPU machine [4] and process
arge areas like the Greater Geneva (2000 km 

2 ). 
Primary irradiances are calculated on facades and/or roofs. Di-

ect and diffuse source irradiances on horizontal surface are derived
rom statistical meteorological data (using the database Meteonorm®).
hadow casting for Sky View Factor (SVF) and hourly shadow on the
eam component are calculated adapting the model proposed by Ratti
n his thesis work [29] . 

A first calculation allows to determine the direct incident irradiance
rom the coordinates of the DSM points and the position of the sun.
he position of the sun is determined from the elevation and azimuth
ngles. The irradiance on a horizontal surface is transposed from the
ngle of incidence determined between the direction of direct rays and
he normal to the surface. 

Concerning the diffused radiation and SVF, the same calculation rou-
ine is used. It is however repeated on 580 positions of the light source
efined by default whose light intensities are calculated using the Hay
odel [30] . The results from these 580 sources are then aggregated to

btain SVF and then the incident diffused irradiance. 
The difficulty in urban areas lies in the identification of the 𝑅 𝑖 value

or each point. This is the objective of the model detailed below. 

.3.2. CadSol original reflections calculation 

CadSol, in its original version, uses an isotropic approach to calculate
he irradiance from reflections [ 24 , 31 ]. 𝛽 is the plane tilt angle and 𝜌𝑔 
he ground reflectance (albedo). 

 𝑖 = 

(
𝐼 
𝐵,𝑖 

+ 𝐼 
𝐷,𝑖 

)
𝜌𝑔 

( 

1 − 𝑐𝑜𝑠𝛽

2 

) 

(1)

The reflection received by a given tilted surface is thus a fraction
f the sum of the beam and diffuse irradiance, which is multiplied by
he albedo representative of the surrounding environment and a cosine
unction of the surface inclination. Therefore, if the tilt angle is null the
4 
eflection will be null too, the reflection will be maximum in the case of
 vertical surface. 

The main shortcoming of this model is that the local urban geometry
s not considered, whatever it is an open area or an urban canyon for
nstance. Therefore, for any point of a facade regardless their position
height), the solar irradiance provided by reflection will be identical.
hading analysis (interruption of the ray between two points by an ob-
tacle) is not addressed either. If this approach has provided so far a
elpful support in the original CadSol model to estimate large-scale re-
ection very quickly, the aim here is to propose a more realistic and
eliable strategy on reflection modeling, taking into account the geom-
try properties of the surrounding built environment. 

. New strategy for calculating reflections in CadSol model 

The model is at this stage a prototype developed in Matlab and aims
o improve the CadSol model concerning reflection modeling. We inte-
rate thus in the CadSol framework a new component ‘R-CadSol’ (see
ig. 2 ) dedicated to the reflection calculation using radiosity approach.
 

The objective of this model is to succeed in reconciling reliable cal-
ulation of reflections on facade with calculations on a large urban scale
f at least 1 km 

2 . 

.1. Introduction to radiosity modeling 

The proposed R-CadSol model uses a radiosity method, which al-
ows to compute the diffuse reflections on all the surfaces composing
he urban scene. Radiosity is based on an energy balance calculation
nd is written as a linear algebra problem. Usually, this method requires
 mesh network of the urban scene. The representative equation for the
lassical radiosity method is presented in Eq. (2) . 𝐵 is the radiosity,
hich is the total irradiance incident ( [ 𝑊 ∕ 𝑚 

2 ] ) on each of the meshes
omposing the urban scene, 𝐹 is the form factor matrix, and 𝜌 represents
he vector of reflection coefficients, where 𝜌𝑖 is the reflection coefficient
f mesh 𝑖 . 𝐸 is the source term, with 𝐸 𝑖 the irradiance initially received
y mesh 𝑖 ( [ 𝑊 ∕ 𝑚 

2 ] ). 

 = 𝐸 + 𝜌𝐹 𝐵 (2)

The main difficulty using a radiosity method is that the calculation is
epresentative of all radiative exchanges from mesh to mesh. Therefore,
t is necessary to store information for each pair of meshes. This infor-
ation is called “Form Factor ” and is generally noted 𝐹 = ( 𝑓 𝑖,𝑗 ) 1 ≤ 𝑖,𝑗≤ 𝑁 

.
t represents the "perception of the mesh 𝑗 from the mesh 𝑖 " and is cal-
ulated as described in the Eq. (3) . Fig. 3 provides an illustration of the
oncept of the form factor. 

 𝑖,𝑗 = 

1 
𝑆 𝑖 ∫

S 𝑖 
∫
S 𝑗 

𝑐𝑜𝑠 
(
𝜃𝑖 
)
cos 

(
𝜃𝑗 
)

𝜋𝑟 2 
𝑖,𝑗 

𝑑 𝑆 𝑖 𝑑 𝑆 𝑗 (3)

The objective here is to reduce the dimension of the problem and
o find an alternative to this mesh-by-mesh calculation in order to save
omputing time and data storage necessary for large urban areas. The
pproach proposed is based on the Nusselt analogy [33] and similar
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Fig. 3. Illustration of the notion of form factor: visibility between meshes 
(adapted from [32] ). 
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o the one used in the work of Cohen et al. [34] where the meshes 𝑗
omposing the surrounding scene are projected on a half cube centered
n the study mesh 𝑖 . However, we suggest to use a sphere instead of the
emicube ( Fig. 4 ) to facilitate homogeneous solid angles in all directions
nd to avoid sampling density problems. This strategy has already been
sed in recent studies where heat propagation needs have to be known
35] . 

Fig. 4 illustrates the computational process. Each point of the scene
odel (red dot) is assumed to be included in a 1 m 

2 square mesh. The
omputational sphere and the associated meshes are centered on this
oint. Each mesh of the sphere (red triangle) is projected on the scene
green triangle) in order to obtain a discretization of the scene visible
rom the red point. In the rest of the paper, we will distinguish the “sky
eshes ” (the meshes of the sphere) and the “scene points ” (the center

f square mesh). 
Fig. 4. Representation of the enclosing sphere fr

5 
Because of its mathematical construction, radiosity presents the dis-
dvantage of only modeling Lambertian reflections. Indeed, reflections
re calculated without considering the incident angle of the rays. Spec-
lar reflections [36] , especially in the case of significant incidence on
lass surfaces, cannot be modeled without adaptations considering the
ncident angle of the rays, such as ray tracing [37] . In the following,
968 sky meshes from the sphere are considered. 

.2. Calculation of the primary irradiance (without reflections) 

The direct ( 𝐼 
𝐵 

) and diffuse ( 𝐼 
𝐷 

) sunlight on each scene point are
rovided by the CadSol model (pre-calculation component) as presented
bove in Section 3.2.1 and Fig. 2 . It allows to calculate the primary
rradiance on the scene ( 𝐼 0 

𝐺 
) as defined by the Eq. (1b) . 

.3. Adapted radiosity method on a large scale: calculation of successive 

eflections 

The irradiances are calculated for each point of the scene (ground,
acades and roofs). The reflection calculation strategy is based on the use
f a sphere centered successively on each point of the scene. Each point
eing located on a surface of the scene, only the half-sphere located on
he outside of the surface is considered. Before the calculation of reflec-
ions, a pre-calculation via the Cadsol model is performed. This calcula-
ion allows to determine the primary irradiance ( 𝐼 0 

𝐺 
) on each point. The

rimary irradiance already takes into account the date and time of the
alculation, the orientation of the surfaces and possible masks. 

By using a bounding sphere, the interest here is to filter the num-
er of directions to explore and identify the elements visible from each
oint. The radiosity is then calculated between the scene point and the
ky mesh (instead of scene point to scene point in order to decrease the
emory storage and boost computation time). This requires the projec-

ion of the scene irradiances on the sky mesh and then rewriting the
q. (3) . The form factor matrix 𝐹 is no longer square and therefore in-
ertible. An iterative strategy is required to obtain the irradiance after
 reflections ( Eq. (4) and Fig. 5 ). For the calculation of the first order
eflection, the primary irradiance on the scene ( 𝐼 0 

𝐺 
) is projected on the

ky mesh according to the mesh directions and for each scene point. The
atrix defined by 𝜌𝑆 . ∗ 𝐵 

0 ,𝑠𝑘𝑦 is then created, where each column is the
rojection of the scene reflected irradiances on the sky meshes. Each col-
mn is representative of a centered sky sphere on the point 𝑖 . It explains
hy only the diagonal is kept: the calculation of 𝑑𝑖𝑎𝑔( 𝐹 ( 𝜌𝑆 . ∗ 𝐵 

0 ,𝑠𝑘𝑦 ))
om which the form factors are calculated. 
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Fig. 5. Schematic representation of the calculation strategy. Matrices are called “𝜌sky ’’ and “B sky ” because they contains values for couples “sky mesh – scene point ”. 
Only the diagonal is considered in the final result. 

Fig. 6. Cross-section of the enclosing sphere and the considered 
angles. 
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b  
ives a vector of the incident irradiances on the scene point. These op-
rations are repeated at each reflection order, where only the new re-
ection is calculated. 

 

 

 

 

 

 

 

𝐵 

0 = 𝐼 0 
𝐺 

𝐵 

1 = 𝑑𝑖𝑎𝑔 
(
𝐹 
(
𝜌𝑆 . ∗ 𝐵 

0 ,𝑠𝑘𝑦 ))
…

𝐵 

𝑛 = 𝑑𝑖𝑎𝑔 
(
𝐹 
(
𝜌𝑆 . ∗ 𝐵 

𝑛 −1 , 𝑠𝑘𝑦 )) (4) 

The total incident irradiance 𝐵 

𝑡𝑜𝑡 on each scene point is therefore
he primary irradiance incident B 

0 on the scene plus the sum of the
uccessive reflections ( Eq. (5) ). 

 

𝑡𝑜𝑡 = 

𝑛 ∑
𝑘 =0 

𝐵 

𝑘 (5)

The calculation of the form factors is based on the same formula as
iven in Eq. (3) . However, the use of the bounding sphere shown in
ig. 4 simplifies the formula. Indeed, based on the original equation we
an perform the following calculation: Eq. (3) can be simplified assum-
6 
ng that 𝑟 = 1 and 𝜃𝑗 = 90 ◦ ( Fig. 6 ). We then obtain the Eq. (6) . 

 𝑖,𝑗 = ∫
S 𝑖 

∫
S 𝑗 

cos 
(
𝜃𝑖 
)

𝜋
𝑑 𝑆 𝑖 𝑑 𝑆 𝑗 (6)

Assuming that the mesh size of the sphere is fine enough, and the
ngle 𝜃𝑗 is close to 0 for all the sky mesh 𝑗, we can make the following
pproximation ( Eq. (7) ): 

 𝑖,𝑗 = 

cos 
(
𝜃𝑖 
)

𝜋
𝑆 𝑗 (7)

In practice, the form factors sum should not exceed 1, so as that no
dditional energy is created over reflections. To ensure this condition
ith the assumptions used, the form factors are then normalized by their

um (including sky meshes and scene points). This normalization is a
riori useless, but it allows to avoid numerical errors and irradiance
eaks in closed corners with high intensity of reflections and with form
actors that can be close to 1, or even slightly exceed 1. 

. Validation on theoretical urban canyon 

A canyon mock-up of 2.6 m long, 0.6 m wide and 0.6 m high was
uilt as part of Raybaud’s thesis [25] , in order to compare measurements
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Fig. 7. Urban canyon on which comparisons between the classical radiosity 
model and the modified CadSol model are conducted. 
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Fig. 8. Geographical location of the control points in the canyon ( E = East, 
W = West, SW = Soil West, SC = Soil Center, SE = Soil East, Glob. = Global). 
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nd simulation based on identical height/width ratios of the canyon.
everal scenarios were compared considering materials with different
lbedo properties on each façade. The results presented in the thesis
howed the relevance of a radiosity-based strategy to simulate solar
rradiances. 

It is therefore consistent to compare the R-CadSol model to the clas-
ical radiosity model built in Raybaud’s thesis. The digital scene, keep-
ng the same proportions of the mock-up, corresponds to a 250 m long,
0 m high and 60 m wide canyon ( Fig. 7 ). To facilitate the comparison
etween the performance of the models, the direct and diffuse radia-
ions from the thesis are used as inputs in the R-CadSol model: for each
oint of the R-CadSol scene, the affected radiation corresponds to the
ne of the mesh (mesh from the thesis) in which the point is centered.
he reference day is a virtual day, representative of typical weather con-
itions, that was considered in the thesis (May 19, 2019). The control
oints shown in Fig. 8 aim to visualize the evolution of the irradiance
ver time. They are located at the canyon’s center, at 10, 20, 30, 40 and
0 m height, respectively, in order to be less sensitive to edge effects,
n particular to irradiances coming from the extremities of the canyon.
hree control points are added on the ground. 

.1. Form factor validation 

The form factors obtained with the R-CadSol model are compared
o the theoretical form factors obtained with standard radiosity. As
he form factors are calculated mesh by mesh in the work of Raybaud
t is impossible to compare each form factor on a case-by-case basis.
7 
herefore, the validation follows two steps: (1) we compare the sum
f the form factors for each scene point; (2) to make the comparison
eographically, the form factors calculated in the R-CadSol model are
nterpolated on the control points of the thesis. These points correspond
o the barycenter of the meshes of the thesis. 

We note in Figs. 9 and 10 that the form factor calculation in R-CadSol
ives similar results to the classical calculation method. The standard
eviation is mostly positive with a larger absolute deviation for positive
alues ( Fig. 9 ), then it appears at this point that the R-Cadsol model
lightly overestimates the form factors. Large discrepancies (more than
% difference on the form factor value) are noted on less than 5% of
he scene points. These discrepancies are observed at the level of dis-
ontinuities (angles) in the scene ( Fig. 11 ), especially at the north and
outh ends on the edge of the canyon. This is due to the proximity of
he scene edges which can generate different boundary conditions with
 high variability on the intersection of a point or not, especially when
 point is close to a facade with a high value of incidence. 

These results validate the simplified method of the form factor cal-
ulation as introduced by the R-CadSol model. It is now necessary to
alidate the strategy of calculation of solar irradiances. 

.2. Irradiance validation 

The Fig. 12 shows a comparison of the irradiance results from the
hesis (classical radiosity model with lambertian reflections; all reflec-
ions are modeled with albedo coefficient of 0.7 on each façade and 0.3
Fig. 9. Distribution of relative errors ((R-Cadsol - The- 
sis)/max(Thesis)) as a function of the form factor calculation 
method. The number of points is reduced to a percentage value of the 
total number of points. 
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Fig. 10. Boxplot of relative errors as a function of form factor calculation mode. 
This box plot only deals with the control points inside the canyon shown in 
Fig. 8 . 
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Table 2 

Albedo values for each type of surface [ 38 , 39 ]. 

Id Surface Albedo Association 

1 Other hard surface 0.3 Aged concrete 
2 Other green surface 0.25 Green grass 
3 Building perimeter 0.3 Aged concrete 
4 Forest area 0.18 Deciduous trees 
5 Building, type 1 0.3 Aged concrete 
6 Parking space 0.12 Aged asphalt 
7 Pathway 0.33 Tar & gravel 
8 Building, type 3 0.3 Aged concrete 
9 Swimming pool 0.1 Water 
10 Bush 0.18 Deciduous trees 
11 Pavement 0.3 Aged concrete 
12 Parking 0.33 Tar & gravel 
13 Cycle path 0.12 Aged asphalt 
14 Roadway 0.12 Aged asphalt 
15 Building, type 2 0.3 Aged concrete 
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n the ground) and those obtained with the R-CadSol model (with same
arameters and three reflection orders). This comparison is carried out
n the control points for a typical day, as mentioned earlier, in order to
void the variabilities linked to meteorological instabilities, especially
louds. It corresponds to an ideal clear day with an exact trajectory of
he sun. This results in a perfect continuous line corresponding to the
unlight curve (black curve on Fig. 12 ). 

Fig. 12 shows that the results obtained from the R-CadSol model
re very similar to those obtained in Raybaud’s thesis. We observe a
aximum difference of about 20 W/m 

2 between the two models, with a
ower irradiance for R-CadSol which can be explained by not considering
ll the reflections (only the first three reflections are considered). We can
herefore conclude that the two models are globally in good agreement
n irradiance results. 

. Results and application on a real urban scene 

The developed model is tested on a real scene, the Meyrin district
ocated in the northwest of Geneva. This area is interesting because it
8 
resents relatively well-spaced and regular buildings with blind gable
alls which could be equipped with photovoltaic modules ( Fig. 13 ).
he main facades also offer many opaque surfaces which can be used for
V installations. The primary irradiance are calculated from the CadSol
odel (pre-calculation of beam and diffuse components, see Fig. 2 ). The
ifferent masks (buildings, trees, …) are considered. Then the R-CadSol
odel enables to process the reflection component and finally the global

rradiance. 

.1. Albedo mapping 

The scene is 300 𝑚 × 300 𝑚 and is meshed with a resolution of 0.5 m.
he points generated on the ground, roof and vertical (facades) surfaces
onstitute a set of 685,624 points. Reflection coefficients are assigned
or each surface according to the material identified ( Fig. 14 ). This in-
ormation is taken from the coverage data of the Territorial information
ystem of Geneva (SITG, see https://ge.ch/sitg/ ). Albedo factors are as-
igned to each type of coverage and detailed in Table 2 . 

.2. Form factors 

Considering 2968 sky points, the form factor matrix occupies an ap-
roximate memory space of 1.02GB when stored in single type (i.e. 4
ites for one data), which is particularly important. The calculation
f form factors allows to perceive the impact of other buildings on
ach study point ( Fig. 15 ). Points where the sum of the form factors
s close to 1 signify a strong influence of masks whereas a sum close to
Fig. 11. Visualization of the differences between the form factors cal- 
culated with the adapted model and the exact projected form factors 
(by interpolation). 

https://ge.ch/sitg/
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Fig. 12. Comparison for all control points between the results from 

the Raybaud’s thesis (dashed line) and the results from the VALES 
model (continuous line). 

Fig. 13. Image of the Meyrin district extracted from Google Maps. 

Fig. 14. Projection of the albedo values. 

9 
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Fig. 15. Calculation of form factors in the Meyrin district. 

0  

t
 

t  

g  

t  

o  

e  

i  

c  

n  

r  

b

6

 

t  

t  

o  

r  

T  

M
 

t  

o  

T  

p  

o  

a  

T  

e  

a
 

s  

c  

a  

r  

t  

p  

o  

a  
 indicates high visibility of the sky. The sum of the form factors is then
he inverse of the sky view factor. 

For reasons of memory storage and calculation time, only the first
wo reflection orders are calculated. In extreme cases (with favorable
eometry and high albedos of 0.9), the error between the model using
wo reflection orders and reality can be estimated between 15 and 20%
n facades not exposed to direct sunlight [25] . In reality, the relative
rror is generally smaller although it is difficult to quantify it, because
t depends on the geometry and material properties. In the case of our
onfigurations considering albedos of 0.3 on facades, this error should
ot exceed 5% because it remains 9% (0.3 × 0.3) of energy after two
eflections and we assume that only half of this lacking energy would
e recovered by the scene. 

.3. Irradiance analysis 

We present the results of the irradiance analysis on this real scene,
he primary irradiance (beam and diffuse) and the specific contribu-
ion of the reflection component on surfaces. Weather data are based
n Meteonorm® (see https://meteonorm.com/en/ ) that provides rep-
esentative statistics for a given location as introduced in Chapter 3.
10 
his demonstration is made for a given hour which is 12:00 CET on 1st
ay. 

Fig. 16 shows the primary irradiance at this time. The position of
he sun is relatively high in the sky, which results in low cast shad-
ws. In Fig. 17 , very important reflected irradiances are noted locally.
hey come from side-effect phenomena, at the level of strongly masked
oints whose form factors are close to 1, especially in trees. We also
bserve on this map that the contribution of reflections is consistent,
bout 120 𝑊 ∕ 𝑚 

2 , at the base of the south/west and south/east facades.
he effect of nearby masks is also apparent, especially on facades cov-
red by trees. Finally, as pointed out in Fig. 17 (red circle), edge effects
re visible on buildings truncated on the edges of the map. 

Fig. 18 displays the global yearly solar irradiance on the studied
cene on roofs and facades. We are interested in assessing the specific
ontributions of facades and reflections based on time and spatial vari-
tion. The comparison is performed on two points: a flat and unshaded
oof and a southeast facade of building located at 13 m height over a
otal height of 17 m (red points Fig. 18 ). The first analysis is to com-
are hourly irradiance on facade and roof points, and hourly reflection
n global irradiance. Fig. 19 thus shows the hourly profiles of global
nd only reflected irradiances on the roof and facade points. The solar
Fig. 16. Solar gain from primary sunlight (direct and diffused) in 
the Meyrin district on 1 May at 12:00 UTC. North corresponds to 
the y axis. 

https://meteonorm.com/en/
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Fig. 17. Solar contribution from the reflections on the Meyrin district 
on 1 May at 12:00 UTC. North corresponds to the y axis. 
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otential on the facade appears to be higher from October to March. In
inter, the maximum difference is observed in February where the solar
otential reaches 300 W/m 

2 on the roof whereas it reaches more than
00 W/m 

2 on the southeast facade. This observation is consistent with
he role of the well-exposed facades in order to improve solar electricity
upply, particularly in winter where demand is higher and renewable
nergy sources are less available. 

Secondly, it is interesting to observe the hourly profile of the re-
ection only. On the roof point, reflection is nearly zero all year long
s this roof is flat, unshaded and is not visible from almost any other
oint in the scene. On the facade point, the contribution of reflection
s higher in summer (40% of the total irradiance) than in winter (20%)
s also shown by Fig. 20 . This is because the sun position is lower in
inter and the facade receives more direct radiation, on the contrary

n summer the sun is higher which impacts more on reflection from
he ground. In addition, reflection depends on the quantity of the pri-
Fig. 18. Annual solar irradiance (kWh/m 

2 ) on the M

11 
ary irradiance (direct and diffuse) which is higher in summer. From
ig. 19 we also observe a delay between the peak of the total irradiance
n the facade (around 12 pm) and the peak of the reflected as well as that
f the global irradiance on the roof (around 1 pm). The reason is that
he facade is slightly oriented to the east, and thus the peak intervenes
arlier than on flat surface (ground, as the main source of reflection,
nd roof). 

The following two figures ( Figs. 21 , 22 ) display the yearly irradiance
rofile along the façade corresponding to the red dot point ( Fig. 18 ) from
he roof to the ground with an interval of 1 m. They distinguish the
ontribution of the primary irradiance (beam + diffuse) and that of the
eflection, the sum of the two contributions corresponds to the global
rradiance. We can note that as we go lower the reflection becomes more
mportant due the reflection from the ground, as it was already observed
n Fig. 17 for a given day. On the contrary, as we go higher direct and
iffuse increase due to less shadowing from neighbors. 
eyrin district with the two studied red points. 
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Fig. 19. Hourly profiles of global and reflected 
irradiance (W/m 

2 ) on the two studied points –
roof and facade. 

Fig. 20. Hourly profiles of primary and reflected irradiation in% on the studied facade point. 

7

 

a  

t  

a  

a  

O
 

h  

s  

m  

i  

s  

f  

a
 

a  

c  

e  

w  

l  
. Discussion and conclusion 

This paper proposed a prototype of a solar irradiance calculation
lgorithm based on an adapted radiosity algorithm, and showed the po-
ential to calculate reliable solar reflections on large urban scale. An ex-
mple presenting the use of the model on a real neighborhood (Meyrin)
t a scale of 300 m x 300 m and with a resolution of 1 m is presented.
nly the first two reflections are calculated. 

This radiosity adapted strategy, implemented to the R-CadSol model,
as been validated comparing the results with the classical radiosity
trategy. Differences on form factors appear only on less than 5% of the
12 
eshes and the absolute difference on irradiance between the models
s lower than 20 W/m 

2 , which is very satisfying. Although the model is
till a prototype coded in Matlab, it can already produce sound results
or 300 m x 300 m neighborhoods (district scale) with a 0.5 m a vertical
nd horizontal resolution for the whole year. 

Despite the results of the comparison between the classical radiosity
pproach and the simplified method introduced in the paper are very en-
ouraging and promising due to low differences, the use of the prototype
ncoded in Matlab still constitutes an important technical limitation to
ork on larger urban areas. A test has been done on the Meyrin area en-

arged to 1 km 

2 , but lowering the scene point resolution to 1 m, as well
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Fig. 21. Yearly irradiance profile in absolute values along a façade (1 m intervals) the distinguishing the contribution of the primary irradiance (in blue) and that 
of the reflection (in orange). 

Fig. 22. Yearly irradiance profile in relative values. 
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s that of the sky (324 sky meshes instead of 2968 initially). The com-
uting time was about 24 h, which remains rather prohibitive. However,
sing the same calculation base on Matlab with the classical radiosity
ethod, processing such an area would simply not have been possible,
either on the smaller area of 300 m x 300 m with high resolution. 

This therefore highlights two technical issues in order to calculate ir-
adiance over a much larger area: the computation time and the memory
torage (form factors) which both depends on the resolution of the scene
oints and the sky points. Detailed sensibility and robustness analyses
hould be performed in the next step in order to find the best compro-
13 
ise between scene points’ resolution, reasonable memory storage, cal-
ulation time and sufficiently reliable results. Next step, a major mean
o reduce calculation time will be particularly to implement the algo-
ithms of reflection from Matlab to C ++ language using GPU machines.
his will be done in the same ways as with the original CadSol model for
omputing primary irradiance ( 𝐼 0 

𝐺 
) and reflection based on the macro

pproach of Iqbal [24] at the scale of the Greater Geneva (2000 km 

2 ,
orking by tile of 3.2 × 3.2 km, 1 to 1.5 h by tile calculation). Therefore,
sing computing improved performance, we will be able to process large
rban scales with the R-CadSol model working tile by tile (of 1 km 

2 or
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ven more) and complete the solar cadaster of Geneva with the facade
omponent. 

At the neighborhood scale, the solar potential can be extracted
or all scene points at each time step, showing the advantages and
isadvantages of different areas (roofs, facades or even ground) to in-
tall PV modules. As an example, the south facade of buildings in Meyrin
resents more potential from October to March, which highlights the in-
erest in facades for increasing the solar energy production in winter. 

Based on the R-CadSol model introduced in the paper, further more
etailed analyses could be carried out on the following issues in order
o move towards concrete solar PV installations on building facades: 

• Identification of structural and architectural surfaces on facades
making photovoltaic installations optimal or not, working on im-
proving the level of detail (LOD) based on 3D building models and
terrestrial or aerial imagery. 

• Esthetic criteria as the perception and the appearance of a whole
neighborhood equipped with solar systems, also considering heritage
issues, working on the solar panel integration and the adapted tech-
nologies (solar panels of different colors for instance). 

Such analyses are particularly relevant in the current context, where
e are moving towards making the most of all available surfaces in the
rban environment. 
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