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Abstract

Daylighting simulation allows calculating the quantity
and distribution of daylight inside a room, while
considering key influential parameters like material
properties, exterior lighting conditions, room furniture
distribution or building geometry. While many available
software already enable such calculations, most of them
appear to have a lack of accuracy while dealing with
complex scene rendering or accurate material description.
In this paper, daylighting simulations are run using a
spectral ray tracer software developed by Eclat Digital -
Ocean™ . Thanks to its state of the art algorithm, this
software does not require any model simplification and
allows a physically accurate description of materials. The
as generated outputs enable producing detailed
illuminance mappings, as well as realistic renderings for
visualization.

Key Innovations

e  Spectral ray tracing
e Complex scene rendering
e  Spectral materials description

Introduction

Daylighting simulation aims at quantifying the amount of
natural light getting inside a room [1]. Having this
information, it facilitates the placing of light pass-through
elements (windows, skylights, other openings) and
reflective surfaces in such a way that direct or indirect
sunlight can provide effective internal lighting.

While designing a building, particular attention is given
to daylighting for maximizing the visual comfort or to
reduce energy use. Indeed, considering areas exposed to
bright direct sunlight with illuminances over 1 000 Ix [2],
it would make most computer displays unreadable. The
contrast between light zones and dark zones is generally
too high, requiring the eye to constantly adapt when
looking at different places of the same room : this can be
an important cause of eye fatigue. People will generally
react by closing the curtains or masking the sunlight by
any other mean. Then, the indoor lighting will be too low
for comfortable work, and they will switch on artificial
lights. Getting insights on daylighting conditions in early
building development allows to foresee such above
mentioned issues and to quickly take countermeasures.

Many existing solutions already enable the computation
of such daylighting evaluations [1]. Most of them require
as inputs the scene geometry, material data, luminaires,
time, date and sky conditions. However, while these

software offered quit precise outputs in general, they
require to proceed with strong simplification when
dealing with both complex geometry and complex
material description [1]. Such approximations may lead to
a certain lack of accuracy in the calculation and so could
be questionable in terms of the outputs reliability.
Alternatively, Eclat Digital, a French lighting engineering
start up, developed its own spectral ray tracer software —
Ocean™ [3] [4].

It provides high accuracy illumination calculations,
combined with state-of-the art algorithms enabling high
computation speed and efficient memory use. It allows
using fully detailed CAD models with several millions of
polygons, removing the need to make simplified models
for light engineering applications. In addition, its specific
spectral features allow a highly physically accurate
description of materials. As a result, daylighting charts are
generated from the exact same model and lighting set-up
as used for image renderings with a strong degree of
precision.

This paper aims at illustrating the relevant use of a ray
tracer software for daylighting simulations and to
highlight the benefits of this software.

Method and Validation

Image

Scene
object

Figure 1: Ray-tracing geometry description

Ocean™ s a ray-tracing software used for physically-
based rendering. The algorithm consists in extending rays
into a scene and bouncing them off surfaces and towards
light sources for computing pixel information (see
figure 1). Governed by geometrical optics, it uses a
stochastic Monte-Carlo approach for generating and
sampling light paths. These last can be launched from a
sensor object (instrument) and, optionally, from the light
source (bidirectional ray-tracing, see figure 1). A research
algorithm is then applied on each generated ray: If a ray
from the instrument is found to cross the light source (or
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if rays from the instrument and the light source are
crossing in scene in case of bidirectional ray-tracing) then,
the light path across the scene is considered to contribute
to the pixel [5] [6].

The light path is determined by solving the well-known
light transport equation (LTE), given in equation 1 [5]. It
describes the equilibrium distribution of radiance in a
scene. It gives the total reflected radiance L, at a point x
in the direction w, on a surface in terms of the surface
emission L., its bidirectional scattering distribution
function (BSDF) f, and the distribution of incident
illumination L; arriving at the point x from the
direction w;, with a given angle 6; (see figure 1).

Lo A, 0)

=Le(x,4, aT,)

+ f £ A @0, T)Ly(e, A @) costylde; (1)
wj

BSDF can be decomposed as the sum of the bidirectional
reflectance distribution function (BRDF) and the
bidirectional transmittance distribution function (BTDF).
It can be seen from Eq. 1 that this element integrates a
spectral dependency A. While the majority of the
rendering software considered integrated quantities over
the visible solar spectrum or a limited number of sub-
bands (e.g. RGB), Ocean™ gives a full spectral
calculation from near ultra-violet to near infra-red. This
specificity enables the spectral description of materials or
the customisation of instrument response function,
allowing a wide range of simulations and gquantifications
(such as non-visual effect of human circadian rhythm,
complex material (e.g. glazing) effect on colour
perception or light pollution, etc...) [1]. As it will be
shown later, this feature is of particular importance for
daylighting simulations.

Obijects in a scene can be described from both a surfacic
or a volumic perspective. Surfacic descriptions concerns
opaque materials (e.g. metal or painting) and are
computed in terms of BSDF. Volumic description
concerns transparent/translucent materials (e.g. plastic or
glass) and computation includes effects such as light
absorption, refraction at interface or volumic scattering
(for example Mie or Rayleigh scattering).

Light source can be defined as an object in the scene with
emission properties (with a custom emission spectrum,
theoretical or measured) or as an infinitely distant light
source, called an environment. Environments are either
theoretical or captured - environment map. Environment
maps have a fixed sun position and allow modelling
complex light conditions (complex weather, specific
horizon, indoor environment etc..). Theoretical
environments allow the simulation of sky light, with
different sun positions, atmosphere turbidities and
different wavelength spectra. Several models are
available, such as a Direct sun (including the sun position,
the air mass and the direct normal irradiance), Perez sky
environment [7] or Hosek-Wilkie sky environment [8],
etc... These features are of particular interest for

daylighting simulation since the global illumination of
every building on the planet can be simulated thanks to
sun positions and meteorological measurements.
Integrating all the above mentioned features, ray tracer
software allow rendering accurate and photo-realistic
images of the scene and enables a large range of
spectrophotometric measurements such as colorimetry
assessment, energy quantification or transmittance and
reflectance measurement including BSDF function
determination.

Ocean™ has obtained an independent validation that
assessed the accuracy of lighting computer programs
according to CIE 171:2006. This validation was provided
by the Ecole Nationale des Travaux Publics de I’Etat
(ENTPE) in 2014 [9].
Moreover, in order to assess
further the validity of Ocean™
algorithm, and more
specifically to validate its
capabilities to accurately model
sky luminance distribution, a
benchmarking case study was
performed considering existing Figure 2 : Cube geometry

validated software : EnergyPlus [10] and Radiance [11].
For this purpose, the yearly irradiance over a different
face of a cube (see figure 2) is calculated with the three
software. The faces’ cube are simulated with a basic
Lambertian material. The lighting conditions of a full year
were simulated as the combination of two sky’s models.
A direct sun model to represent the direct component of
the solar radiation and the Perez [7] all sky model to
capture the diffuse part. The IWEC weather file of
Brussels available EnegyPlus website [10] was used to
describe the weather conditions. The outcomes of this
study are given in figure 3. As it can be seen, the obtained
results are strongly similar between the different software.
The deviation can be fairly attributed to the diffuse sky
model which appears to be slightly different between the
three software, especially between EnergyPlus and the
other 2. Other discrepancies could come from resolution
used to sample the Perez sky in Radiance and Ocean™.
Nevertheless, this last result consolidate the veracity of
the Ocean™ algorithm.
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Figure 3 : Comparison of the yearly irradiance over the faces
of a cube, calculated with the three software (EnergyPlus [6],
Radiance [7] and Ocean™ [4])
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Daylighting simulations and Results

e Scene description

A complete 3D building and its related internal and
external environment was produced in order to run the
simulations (see Figure 6). Those 3D data are imported
into the ray tracer software and dedicated materials
properties are then attributed to each element of interest.
We considered an East facing facade.

In the context of this work we focused on the impact of
glass properties on the indoor daylight conditions. Four
different glazing configurations were considered here :
Bronze glass, Dark Blue glass, triple silver coated glass
(Ag?) and Grey glass [12]. Those glasses exhibits different
light transmittance (TL) and energy transmittance (TE)
given in Table 1. TL is defined as the fraction of incident
light that is transmitted by the glass. TE is defined as the
fraction of incident solar radiation that is directly
transmitted by the glass. In addition, the related
transmission spectra of each configurations are given in
figure 4 (dotted line). It is noteworthy that the considered
wavelength range corresponds to the solar spectrum’s.

The building is placed in a procedural environment which
was built by considering the same method described in the
previous section : direct sun model for the direct solar
radiation component [10] and a Perez sky model for the
diffuse par. Again Brussels, Belgium was considered as
location. The direct sun environment corresponds to the
direct radiation from the sun attenuated by the
atmosphere. It automatically computes the solar spectrum
based on standard ASTM G173-03 tables [13], and
depending on the air mass, sun position and direct normal
irradiance (DHI). The solar spectrum used for the diffuse
part is a D65 spectrum, including Ultra-Violet (UV) and
Infra-red (IR) energy range, i.e. from 290 nm to 2 500 nm.
In reality we know that the spectral distribution of diffuse
radiation depends on the actual sky condition. Ocean™ is
able simulate such dependencies. However the lack of
spectral diffuse sky model or data prevented us from
studying this aspect here. A complete day (2019, June,
24™M), corresponding to one of the longest and sunniest day
of 2019, is simulated. Simulation results are shown
between 7 a.m. and 7 p.m., where enough light is reaching
the scene.

Bronze 50.7 49.7
Dark blue 495 325
Ag® 76.1 34.8
Grey 333 34.7

Table 1 : TE and TL glass, given by constructor [12]

e Simulation results

Simulation results are presented in figure 6. The region of
interest chosen in this work is an office placed on the 5™
floor of the created 3D building. The four glazing
configurations were considered.

From figure 6, obvious color appearance deviation can be
observed between the different glass types. This result is
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Figure 4 : Glass transmittances [8] (dot lines), melanopic and
photopic human eyes responses (full lines) as a function of light
wavelength [10]. The purple region highlights the ultraviolet
range. The red region highlights the infrared range.

supported by a colorimetric analysis given in figure 5. The
analysis/measurements are made on a white sheet of
paper, placed on one of the desks (identified by the
dashed-blue rectangle in figure 6). Colorimetric
measurements and visual perceptions are consistent with
each other, given a warmer colour when using Bronze
glass than when using Dark blue one.

In addition to the qualitative render, Ocean™ is able to
provide details daylight metrics. In this context, an
irradiance map of the office was calculated, as displayed
in figure 7. Based on this figure, the area receiving the
biggest amount of energy in our simulation is the
computer screen referenced by a red rectangle in figure 4.
As expected based on TE (see table 1), Bronze glass give
the highest irradiance. In the rest of this paper, the further
quantitative analysis will be perform over this display
area.
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Figure 5 : L*a*b* colorimetric measurements made on a sheet of

white paper, for each glass, with D65 illuminant.
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Bronze

Dark blue

Figure 6 : Building simulations. A complete 3D building, including additional 3D objects, such as cars, peoples, furniture, etc..., is simulated.
The office shown here in placed on the 5% floor with an East orientation. The light condition corresponds to the Brussel sky at 7 a.m., on 2019,
June, 24th. 4 different glasses are used, showing the different colour perceptions. The red rectangle identifies the computer screen on which
the measurements provided in this proceeding are made. The dashed blue rectangle identifies a white sheet of paper on which colorimetric

measurements are made.

Bronze Dark Blue

Figure 7 : Irradiance simulations, i.e. how much light is incoming visible surfaces, obtained for each glass. The color scale is in W/m2,

3382

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021 https://doi.org/10.26868/25222708.2021.31115




INTERNATIONAL
BUILDING
PERFORMANCE
SIMULATION
ASSOCIATION

2 (a)

s Grey-TL=333% -TE=34.7%
- Ag?® - TL=T76.1% - TE= 34.8%

(b)

()

0.30

Grey - TL=33.3% - TE= 34.7%
Ag? - TL=T76.1% - TE=34.8%

0.25

o
]
o

10 ®

Energy (W/m?)
UV energy (W/m?)
o
@

o

-

(=]
[]

0.05

10

IR energy (W/m?)

Grey - TL=33.3% - TE= 34.7%
Ag? - TL=76.1% - TE=34.8%

0
10

Q0oL A0 aR, a0, .ol o, ol ol ol o
S B T S T I Fs R R R T
Time

Figure 8 : Energy received by one computer screen as a function of the time and for different wavelength domain : Total energy range
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(290-2 500 nm), UV range (290-390 nm) (middle) and infrared range (700-2000 nm) (right).

e Spectral analysis

Visible light is composed of various wavelengths that are
known to trigger different human response (both visual
and non-visual). Similarly, the different solar radiation
wavelengths are known to impact building energy
performances and indoor material aging. In this context,
describing materials like glazing from an integrated
perspective, e.g. considering TL or TE only, appear to not
be sufficient to run proper quantitative analysis on the
light matter interactions. As an alternative, ray tracer
software enables a full-spectral description of materials
and measurement instrument as explained above. In order
to highlight such benefits, two case studies are presented
here below.

Case 1 : Solar radiation analysis

Two glasses exhibiting the same TE will be expected to
let the same amount of energy passing through a window
when considering the total solar spectrum (290 to
2500 nm). This is the case while dealing with Grey glass
and Ag? glass as displayed on figure 8a. However, thanks
to the spectral materials description, considering
alternative wavelength ranges enable to show differences
between the two glazing configurations. The amount of
energy transmitted in the UV or IR ranges, for example,
are not necessary the same. These energy quantifications
are of particular importance since a large UV energy will
induced a material colour deterioration with time, while a
large IR energy will increase cooling load and thermal
discomfort. The received energy on one the computer
screen, in the UV range (from 290 nm to 390 nm) and in
the IR range (from 700 to 2 000 nm), for the Ag®and Grey
glasses are shown in figure 8 b-c .Even if those two
glasses give almost the same total amount of transmitted
energy, Grey glass is transmitted almost twice more UV
energy and seven times more IR energy than Ag?® glass.
This clearly highlight the benefit of Ag? glass of coloured
glass. The former cutting harmful IR and UV radiation
much better than the latter, letting mostly visible light in.
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Figure 9 : Photopic (a) and melanopic (b) illuminance and M/P
ratio (c) received by one computer screen as a function of the time.
The photopic and melanopic illuminances were obtain by
integrating the transmitted light spectrum over the response
function given in figure 4 and by multiply those values by
683 Im/W2, which corresponds to the photopic eyes efficiency [9].
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Case 2 : Visible light analysis

The illuminance is a photometric quantity (in lux) that
described total luminous flux incident on a surface per
unit area. The illuminance evaluation depends on the
photopic response of the human eyes, given in figure 4
(red straight line). While evaluating the transmission
spectrum of each glazing configurations, it can be coined
that the Ag3 glass will lead to the highest illuminance.
Indeed, looking at figure 4, it can be seen that the
transmission spectrum of Ag?® glass is highest in the
region where the photopic eyes response is the highest
(around 555 nm). This illuminance value can be directly
calculated into Ocean™. As expected, Ag? glass gives the
highest illuminance rate, as displayed on figure 9a.

Other eye response functions will induce different results.
One important example is the melanopic eyes response,
given in figure 4 (straight purple line) which enables the
calculation of the melanopic photopic ratio (M/P ratio).
The melanopic eyes response corresponds to the response
function of the newly discovers IpRGC eye
photoreceptors. The stimulation receptors by blue
enriched light (as suggested by the response function of
figure 4) inhibits melatonin secretion [14]. This hormone
regulates the sleep-wake cycle. By inhibiting its secretion,
blue-enriched light increase alertness and reduces the risk
of falling asleep while red-enriched light helps falling
asleep.. The photopic and melanopic illuminances and the
M/P ratio on the computer screen are given in figure 9.
Dark blue glass is the one with the highest M/P ratio, with
a melanopic illuminance approximately 1.3 time higher
than the Bronze glass, while their photopic illuminances
are similar. This is consistent with the data, since it
transmits more in the blue range. The photopic and
melanopic illuminances were obtain by integrating the
transmitted light spectrum over the response function
given in figure4 and by multiply those values by
683 Im/W2, which corresponds to the photopic eyes
efficiency [14].

The main advantage of ray tracer software over other
traditional ray tracing engine was its ability to capture
every spectral range (Total energy, UV, Visible, IR) and
specific eye (photopic and melanopic) response in a single
run (1 run per glass and sky condition). On top of photopic
and melanopic responses other response functions, like
the one for each specific photo-receptors (3-rods and
cones) could be extracted from the same simulation run.
For consistency these results have not been included here.

e Simulation time

With a 360 threads processor, aesthetic and irradiance
images (similar to figures 6 and 7) can be obtained in a
few hour, for each configuration (i.e. one sky and one
glass). Energy, illuminance or other measurements (given
in figures 8 to 10) were obtained in one minute, for each
configuration, which give a total of less than 10 minutes
for one glass. Those measurements are available for each
object in the scene.

Conclusion

In this paper, the importance of a spectral treatment while
dealing with daylighting was shown. Thanks to its
spectral ray-tracer algorithm, Ocean™ allowed to perform
in details analysis by wavelength range. In this study the
main focus was on the impact of glass spectral
dependency on the different daylight indicators. Limited
focus was made regarding the spectral dependency of
solar and sky radiation. Ocean™ is already today able to
consider such dependencies. However the lack of
theoretical model or measured data prevented the authors
from investigating this aspects more deeply.

The benefit of a full-spectral ray tracing engine was also
illustrated with the ability to retrieve many daylight
indicators in a single run. Here, only 5 different daylight
indicators (Energy, UV, IR, Daylight and Melanopic lux)
but many more (e.g. 3-rods, cones,...) indicators could be
retrieve in the same run. In this study, the analysis was
performed using a point-in-time approach. However,
combining the spectral approach with daylight coefficient
method [15] or even 3 or 5-phases methods [16] [17]
would allow to simulate any spectral response, glazing
configuration and sky condition in a single run.

The approach described here could also easily be used to
derive traditional optical characteristic of transparent
system like light, energy, UV, IR,... transmission
coefficients. While this is probably an over-kill for simple
glazing systems as the ones considered in this study, it
could be interesting for more complex systems (e.qg. fritted
glass, lover system, diffusive systems,...). For such
system simplified calculation methods often fall short and
a fully spectral ray tracing approach would allow to
evaluate said indicators quickly and easily. In
combination with more advanced spectral sky models this
could even inform designer about the variability of said
indicators under real environmental conditions.
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