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1. Abstract 

An entirely new method to model the interaction of 

objects exposed to solar radiation is presented. The 

method has primarily been developed to model solar 

gains of shaded and unshaded glazing components, 

but is also well suited to model energy flows related to 

the absorption of opaque surfaces or solar collectors. 

The method relies on a specially developed 

physically-based, multi-chromatic, forward Monte-

Carlo raytracing algorithm. Though based on 

fundamental principles of optics and electrodynamics, 

the method can be used to perform practical building 

science simulations with hitherto unattainable 

accuracy. An overview of the method as well as a 

practical application case is presented here. 

2. Introduction 

Amid global warming and considering that buildings 

account for a large share of the total energy 

consumption, the significance of highly accurate 

energetic models for buildings is rising continuously. 

Due to the constantly rising insulation standards and 

increasing proportions of transparent surfaces in the 

building envelope, solar gains are a significant and 

often even the dominant component in the building’s 

energy balance. In mid-latitudes, optimal control of 

solar inputs can significantly reduce the heating 

energy demand in winter and cooling energy demand 

in summer at the same time. Hence, the optimal design 

and control of glazings and shading devices are crucial 

to further increase the energy efficiency of buildings. 

This can only be achieved by utilizing accurate and 

efficient simulation methods.  

Due to the intrinsic complexity of solar radiation 

processes, currently used methods are mostly based on 

strongly simplified models and therefore lack in 

accuracy. To overcome these issues, an entirely new 

approach has been developed and implemented from 

scratch. The method developed differs from 

previously available approaches in two essential 

features: first, a physically-based raytracing approach 

is consistently followed, and secondly, a new 

functional form to provide the raytracing information 

is applied. The raytracer is able to simulate scattering 

processes of the incident solar radiation with high 

accuracy. It considers the entire spectral range of the 

global radiation spectrum as well as the polarization 

state of light, which is unique in building science. 

Fundamental optical characteristics, like the spectral 

and angular dependence of reflection, absorption, 

transmission and refraction, arise intrinsically and do 

not have to be covered by additional models. The 

raytracer is used for a scanning process (“virtual 

measurement”), in which parallel solar beams of all 

directions are cast on the target object. The physical 

quantities of interest (e.g., internally transmitted and 

absorbed power) are measured and recorded in an 

angularly resolved way. The entire measured 

information is compressed into a functional form and 

can then be provided to building simulation tools to 

perform solar calculations with raytracing accuracy 

but virtually without any computational cost.  

The method has parallels with the “BSDF Klems-

matrix” approach (see e.g. Hauer[1] et al. and De 

Michele et al.[2]), relying on the free software tools 

genBSDF[3] and LNBL window[4]. However, it 

differs in that the radiation and scattering modelling is 

more detailed and the angular characteristics are not 

provided for discrete angles but in functional form, 

covering the entire hemisphere smoothly. 

Since the limited scope of the publication allows 

scratching the surface of the method only, it focuses 

on an application example that demonstrates the 

practical value of the method with regard to building 

simulation. To the authors’ knowledge, the presented 

application might be the most detailed energetic 

simulation model of a triple-glazed window currently 

available.  

3. The RadiCal method 

3.1. Monte-Carlo Raytracer 

A raytracing algorithm has been developed solely for 

the purpose of calculating solar-induced energy-flows 

as accurately as possible. The implementation of the 

algorithm is consistently based on Monte-Carlo 

methods, i.e., all relevant physical processes are 

simulated by randomly sampling the corresponding 

probability distribution functions. The rigorous 

application of the stochastic Monte-Carlo approach 

(see e.g. Rubinstein[5]) leads to two advantages, 

which are virtually prerequisites for the feasibility of 

the method: first, it is not necessary to analytically 



                                                                                                                                                   

 

solve the relevant equations in closed form, which is 

often complex or even impossible. Secondly, the 

method is highly efficient, as the central limit theorem 

allows the calculation of the statistical mean error on 

every iteration step. Hence, it is possible to achieve 

any defined precision target with a minimum of 

required sampling steps.  

The implementation of the raytracer allows importing 

detailed 3D models of the target objects in common 

file formats. In a scanning process, parallel light 

beams originating from all directions of the 

hemisphere are cast on the target object and the 

quantities of interest, e.g., absorbed or transmitted 

power are measured. To consider the entire global 

radiation spectrum, reference spectra (e.g. ASTM G-

173-03[6]) are sampled during this process. For 

efficiency reasons, the process is performed in 

forward-raytracing mode, i.e., the path of light is 

traced in its natural direction.  

3.2. Physically-based raytracing 

Unlike most currently available tools, the RadiCal 

method is not purely based on geometrical optics but 

takes significant aspects of so-called physical optics 

into account. By considering the electromagnetic 

nature of light, many characteristic behaviours (e.g. 

the angular- and wavelength-dependent reflectance) 

arise naturally and do not require additional modelling 

based on empirical models. Beyond that, the approach 

is uniquely able to consider the polarization state of 

light. After hitting a surface, the reflected and the 

transmitted beam is partly polarized, which has a 

significant impact on any further scattering event, and 

thus on the calculation result. 

In the raytracing algorithm, the Fresnel equations are 

solved in a general, complex-valued form. The 

polarization state of light is considered using the 4-

dimensional Stokes formalism. An additional matrix-

based feature allows the modelling of surfaces covered 

with thin-film layers, which is required to model the 

coatings on insulation glass panes. The detailed 

optical modelling requires spectrally resolved 

refractive index data of all materials involved. This 

information can be determined in measurements but is 

not generally available. Alternatively, the information 

can be found by inversion of known spectral data (i.e. 

reflectance of transmittance spectra) or by using 

available constant values.  

3.3. Generic material model 

The object-oriented implementation of the raytracer 

allows adapting existing scattering models flexibly or 

to create entirely new ones. In order to provide 

transparent and simple access to the method, a generic 

material model that can be used for opaque and 

transparent as well as for metallic or non-metallic 

surfaces has been defined. Applying this model, any 

material can basically be defined by these parameters: 

• complex refractive index function �̃�() 

• roughness parameter 𝛼 

• subsurface scattering function 𝜌() 

If the required wavelength-dependent information is 

unavailable, constant values can be used as 

approximations. This fall-back approach allows a 

gradual reduction of the level of detail of the model 

based on the information available, e.g. the parameter 

set �̃� ≡ 1, 𝛼 = 1, 𝜌 ≡ 0.5 would correspond to a 

perfectly diffuse reflecting Lambertian surface with a 

reflectance of 50%, in line with the current standard 

calculation method. 

To some extent, the created raytracing algorithm can 

also be used in backward-raytracing mode to create 

renderings, i.e. visual representations, of the target 

object. Figure 1 shows a rendering of the validation 

window demonstrating the level of detail achieved by 

the method. All materials (blinds, coated and uncoated 

glass etc.) have been modelled using the same 

universal generic material model with different 

parameter sets.  

Figure 1  rendering of the target/validation window, 

created using the RadiCal raytracing algorithm 

3.4. SIOPs  - Solar Incidence OPerators 

The raytracer can be used to create Klems-BSDF 

matrices (bidirectional scattering distribution function 

values in matrix form), as currently used in advanced 

building simulation. However, an alternative way to 

describe the angularly resolved information has been 

developed and is currently used by the author.  

 

Figure 2  polar plot representation of SIOPs 
right: discrete sampling data (1296 directions) 

left: derived functional form 

Instead of the coarse, discrete data provided by the 

Klems matrix, the proposed format allows a smooth 

and functional representation of the angularly resolved 



                                                                                                                                                   

 

data. It relies on series-expansion based on spherical 

harmonics functions, well known of quantum physics 

as orbitals. Figure 2 shows a comparison of the final 

functional form vs. the original data sampled for 1296 

discrete directions. The grey, white and blue sections 

indicate the integration areas for the diffuse ground, 

horizon and sky irradiation according to the Perez 

model[7] (see below). 

The proposed SIOP format not only allows a smooth 

evaluation but also provides a high level of data 

compression. The contained information, describing a 

building component’s absorption or transmission 

behaviour with raytracing accuracy, can be deployed 

to other software tools based on files usually having 

only a few hundred bytes. Any third-party software 

can evaluate this data based on a simple algorithm, 

which can be implemented with less than 100 lines of 

code.  

4. Application - case study of shaded 

window (triple glazed IGU) 

In order to demonstrate the feasibility and potential of 

the method, a detailed energy model of a triple glazed 

IGU window is established, and key performance 

figures are evaluated for various boundary conditions.  

4.1. Model 

The window model corresponds to the actual window 

used for the validation measurements of the method. 

The specifications of the window can be found in 

Table 1. 

Table 1 specifications of validation window (=model) 

 

geometry: reveal: 1.214 x 1.450 m 
glazing: 1.024 x 1.229 m 
blind cover: 1.210 x 0.192 m  
depths (relative to glazing front):  
cover: 0.152 m, reveal: 0.105 m 

shading: Venetian blinds, 8 cm, rounded, white 
PE-coated aluminium, mass of all slats: 
2.68 kg 

glazing: Triple IGU 4/18/4/18/4, low-E coating 

(3%) on layer 2 and 5, e=0.47,  qi=0.06, 

g=0.53, Ug=0.53 W/m²K, mass: 
3x13.2 kg 

A representation of the entire workflow and model can 

be seen in Figure 3. In the first step to creating the 

window’s energy model, all SIOPs relevant for the 

energy balance are created. In this case, the 

absorption-SIOPs for the three window panes, the 

SIOP for the solar direct transmission to the interior 

Figure 3  Overview of model and work-flow: top: 3d model of target object, centre: calculate SIOPs,  

bottom: dynamic thermal simulation model overview 



                                                                                                                                                   

 

and the absorption SIOP of the blinds are required. 

The latter is used to model the blind’s surface 

temperature, which is considered in the longwave 

radiative exchange with the first glazing surface. As 

mentioned, all SIOPs can be generated within a single 

raytracing scan of the object.  

In the next step, a dynamic thermal simulation model 

of the window has been established. In order to have 

full control over the simulation parameters and to 

avoid any third-party related issues, a simple nodal 

dynamic thermal simulation platform has been 

implemented by the author. It allows setting up models 

based on a set of different classes to model thermal 

nodes and heat transfers. It features the simulation of 

thermal mass and heat input, which is required to 

model the corresponding solar input for the specific 

nodes. The dynamic simulation platform has been 

validated against other validated tools based on 

reference cases.  

The simulation model for the presented application 

case is able to consider the boundary conditions: air-

temperature, sky- and ground-temperature (for 

longwave radiative heat exchange), wind-speed (for 

convective heat exchange) as well as interior 

temperature. Seven variable thermal nodes are 

modelled for the blinds and all internal and external 

glass surfaces. While the solar inputs and view-factors 

are based on detailed three-dimensional raytracing 

data, the energy model is set up in one dimension, i.e., 

one temperature is assigned to each layer. Due to the 

relatively high conductivity of the glass panes, this 

approach is reasonable and commonly applied. 

However, the very same approach could be used to 

create a refined model, either vertically stratified or 

2D-segmented.  

The radiative, conductive and convective heat 

exchanges were modelled according to the models 

described in the standards EN 673[8] and ISO 

6946[9]. To determine the heat transfers of the IGU, 

all relevant parameters, i.e., surface temperatures, gas 

temperatures and gas properties, were calculated 

dynamically for each time step. In order to be able to 

model transient effects, thermal inertia is calculated 

for each node based on the component’s relevant mass 

and specific heat capacity. An overview of the 

simulation model with all relevant nodes and heat 

transfers is depicted at the bottom of Figure 3. 

In this application, the evaluation of the SIOPs is 

performed based on generic incident profiles created 

with irradiation data of the climate file: first, the solar 

position is calculated using the SG2[10] algorithm, 

then the climate irradiation data is used to calculate the 

irradiation components according to the Perez 

model[7]. The diffuse components defined by Perez et 

al. (i.e., circum-solar disc, horizon band, sky) are used 

individually for the evaluation. The circum-solar 

component is added to the direct beam radiation and 

the corresponding SIOP is evaluated with the actual 

solar position (𝜑, 𝜃) for every time-step (see Eq.1). 

The diffuse components for the ground, the horizon 

band and the remaining sky are multiplied with 

precalculated constants  (Eq.2-4). These constants 

are calculated by integration over the corresponding 

sections of the SIOP before the simulation run. 

Therefore, the angular specific evaluation of the SIOP 

is required only for the direct beam, allowing very 

short calculation times.  

𝑃𝑑𝑖𝑟 = 𝑆𝐼𝑂𝑃(𝜑, 𝜃) ∙ (𝐼𝐷𝑁𝐼,𝑃𝑒𝑟𝑒𝑧 + 𝐼𝑐𝑖𝑟𝑐,𝑃𝑒𝑟𝑒𝑧) (Eq.1) 

𝑃𝑑𝑖𝑓𝑓,𝑠𝑘𝑦 = 𝑠𝑘𝑦 𝐼𝑑𝑖𝑓𝑓𝑠𝑘𝑦,𝑃𝑒𝑟𝑒𝑧 (Eq.2) 

𝑃𝑑𝑖𝑓𝑓ℎ𝑜𝑟𝑖𝑧𝑜𝑛 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛 𝐼𝑑𝑖𝑓𝑓ℎ𝑜𝑟𝑖𝑧𝑜𝑛,𝑃𝑒𝑟𝑒𝑧 (Eq.3) 

𝑃𝑑𝑖𝑓𝑓𝑔𝑛𝑑 = 𝑔𝑛𝑑  𝐼𝑑𝑖𝑓𝑓𝑔𝑛𝑑,𝑃𝑒𝑟𝑒𝑧 (Eq.4) 

𝑃𝑡𝑜𝑡 = 𝑃𝑑𝑖𝑟 + 𝑃𝑑𝑖𝑓𝑓𝑠𝑘𝑦 + 𝑃𝑑𝑖𝑓𝑓ℎ𝑜𝑟𝑖𝑧𝑜𝑛

+ 𝑃𝑑𝑖𝑓𝑓𝑔𝑛𝑑 

(Eq.5) 

4.2. Evaluation of model using temporally highly 

resolved irradiation measurements 

Figure 4 shows the simulation results based on 

measured irradiation data for the location Gleisdorf, 

Austria with a high temporal resolution of 1 min. The 

simulated case assumes a shading of the window with 

a horizontal (0°) slat position from December 22th  to 

December 25th. It can be seen how the individual 

panes specifically absorb the incoming radiation. In 

the analyzed period, 11.1% of the total incident 

irradiation is absorbed by pane 1, 3.2% by pane 2 and 

3.8% by pane 3. Effectively this leads to a solar-

related (secondary) internal heat-flux of 8.9%, which 

can be contributed directly to the absorbed radiation 

and the resulting increase of the related heat transfers. 

Correlation analysis reveals that the effective time-lag 

between the incident solar radiation and the resulting 

Figure 4  Dynamic thermal simulation results of IGU 

window shaded with slats at 0°, based on measured 

irradiation data with high temporal resolution (1min) 



                                                                                                                                                   

 

internal heat flow due to the thermal masses involved 

is 90 minutes on average.  

4.3. Evaluation of energetic performance  

In order to evaluate the total energetic performance of 

the window element, two specific locations with very 

different irradiation profiles were selected: Hamburg 

in Germany and Sevilla in Spain. Further, two 

orientations (south and west) and two different 

shading states were considered: unshaded and fully 

shaded with slats in a static horizontal position (0°).  

EPW-files[11] representing typical meteorological 

years were used to model the local climate for each 

location. For the sake of comparability and simplicity, 

a constant indoor temperature of 22°C was assumed 

for the entire year. The annual simulation runs were 

processed with 1-minute time-steps. The resulting 

calculation time for the entire year was less than one 

second(!). The simulation model is thus ideally suited 

to perform parametric studies or control-strategy 

optimizations efficiently. 

Figure 5 shows the results of the simulation runs 

displayed as average power values for biweekly 

intervals. Due to the high insulation standard of the 

triple-glazed window, all simulation cases show 

positive annual totals. However, a significant seasonal 

variation can be seen. While the west-oriented 

window in Hamburg shows total energy losses 

between November and March, the south-facing 

window in Sevilla clearly shows the highest total gains 

with minima in the summer months. The significantly 

different seasonal pattern results from the lower 

latitude and clearer sky conditions compared to 

Hamburg. The strong angular dependence of shading-

, projection- and reflection-effects result in 

remarkably low solar gains for the unshaded south-

oriented window in Sevilla during the spring and 

summer months(!).  

4.4. Calculation of reference coefficients  

For further in-depth analysis, the simulation results are 

related to the incident solar radiation to calculate 

relative transmittance values. By dividing the total 

transmitted power and the power of the solar-induced 

secondary heat-flows by the incident solar power, we 

can calculate the coefficients solar direct 

transmittance , the secondary internal heat factor qi 

and their sum, representing the total solar energy 

transmittance or g-value. We denote the coefficients 

with the subscript sys (system) to distinguish them 

from the corresponding coefficients as defined in the 

standard EN 410[12]. The standard values are 

calculated solely for the case of normal incidence and 

do not contain any shading or reflection of the window 

reveal. In contrast, the coefficients calculated here 

consider all relevant “real-world effects” and show, 

therefore, a considerable deviation from the standard 

values. In order to illustrate the magnitude of this 

deviation, daily average values for the coefficients 

were calculated for the entire reference years (see 

Figure 6). Especially the solar direct transmittance , 

and consequently the total solar energy transmittance 

g, range significantly below the standard values of 

0.47 and 0.53, respectively. The reduction can be 

attributed to two factors: first, high proportions of 

diffuse radiation cause a noise-like variation, which 

can be seen especially well for Hamburg’s location. 

Secondly, higher incidence angles significantly reduce 

the transmittance, which can be seen well in the case 

‘Sevilla/south/unshaded’, for example. Note that 

(unlike the heat-balances presented in Fig. 5) the 

cosine projection effect is already compensated since 

external in-plane irradiation is used to calculate 

coefficients. Hence, the observed incidence-angle 

Figure 5 Total heat-balance for the entire IGU calculated of energy flows determined in dynamic thermal  

(total values represented as bars, components represented as curves) 



                                                                                                                                                   

 

related reduction of the transmittance is solely a 

consequence of reveal-shading, increased reflectivity 

of the glazing surfaces and higher absorption of the 

window panes.  

It is an interesting finding that, in contrast to solar 

direct transmittance, the secondary internal heat factor 

shows only a limited variance and ranges relatively 

close to the value calculated according to the standard 

(0.06). A comparison of the polar plot representation 

of the absorption SIOPs of glass panes vs. the 

transmittance SIOP for the entire glazing (not depicted 

here) reveals that, relative to transmittance, absorption 

increases with growing incidence angles due to the 

longer optical paths and higher number of internal 

reflections within the glass panes. Therefore, the 

secondary heat flux is less sensitive to the angle of 

incidence, as the increased reflectivity occurring at 

higher angles is partly compensated by the increased 

absorption.  

5. Validation of direct solar 

transmittance 

Since the measurement of secondary heat flux is 

challenging, the validation focuses on the direct solar 

transmitted component. This component is usually 

more significant and it can partly be seen as indirect 

validation of the secondary heat-flux, as the power 

absorbed by the glass panes also determines the 

remaining transmitted power. The author has 

developed and applied a dedicated device to measure 

the direct solar transmittance behind a shaded 

window. The “PyroScanner” relies on a moving 

pyranometer mounted on a 3-axis CNC router 

platform. Irradiation measurements for definable 

regions behind the window can be performed and 

related to external measurements of a local weather 

station. The details of the measurement method and 

validation measurements are beyond the scope of this 

Figure 8: measured vs. modelled irradiation behind  

the triple-glazing shaded with white slats at 0°; south-oriented 

(DHI/GHI = diffuse fraction of irradiation) 

 

Figure 6: Daily averages for the entire IGU for total solar energy transmittance (g), solar direct transmittance (e) and 

secondary internal heat factor (qi) calculated of energy flows determined in dynamic thermal simulation 

 

Figure 7: measured (blue) vs. modelled (red) irradiation 

behind the unshaded triple-glazing; west-oriented. 



                                                                                                                                                   

 

contribution. They are covered in further  

publications[13][14]. For reference, two results 

relevant to the present paper are presented here. Figure 

7 depicts the model/measurement correlation for the 

unshaded window in the form of two time series for 

the internally detected irradiation. The validation case 

is not as trivial as it may seem since it requires 

accurate modelling of the triple glazing as well as of 

the reveal. Figure 8 shows the validation results for the 

case of the window shaded by white horizontal slats 

for various sky conditions. For validation of shaded 

cases, vertically averaged irradiation values over one 

slat distance are calculated and compared against the 

measurements for different times and irradiation 

profiles.  

6. Conclusion 

A new method to assess the energetic impact of solar 

radiation for building science applications has been 

introduced. Its practical potential has been 

demonstrated through a case study in which a detailed 

analysis of the energetic performance of a shaded 

triple glazed window is performed. 

The core of the new method is an entirely new 

raytracing algorithm that has been developed, 

implemented and tested by the author. From the 

ground up, the algorithm has been dedicated to the 

purpose of calculating solar-related energetic inputs as 

accurately as possible. The method differs from 

existing approaches as it allows a significantly more 

detailed description of optical processes based on the 

principles of physical optics, i.e. electrodynamics. The 

implemented model considers the entire global 

radiation spectrum as well as the polarisation state of 

light. Although allowing very detailed modelling of 

light, the method can also be used with simplified 

models if the necessary spectral information of the 

materials is unavailable.  

The new method can be integrated into common 

building performance simulation tools, either by using 

the existing Klems format or by the implementation of 

the compact SIOP evaluation module. The method’s 

current level of development already allows its 

practical use for energetic performance studies of 

glazings, facades, shading devices, as well as of façade 

integrated PV or thermal systems with a hitherto 

unattainable level of detail.  
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