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Abstract

Several studies have focused on the performance of roller shades in terms of glare, outdoor vision, daylight availability and energy
performance. Currently, other parameters linked to visual amenity, such as chromaticity and colour rendition, are becoming relevant.
When solar radiation passes through a window, it changes its spectral composition due to the presence of the solar shading system and
the glazing. Against this background, the present study focuses on the spectral transmittance of eleven woven screen fabrics and its
influence on the chromaticity and colour rendition. Results show that dark-coloured woven screen shades provide higher correlated
colour temperature (CCT) values (range 6470 K - 6479 K) and therefore would produce “cooler” visual environments, while light-
coloured woven screen shades provide lower CCT values (range 5210 K - 5644 K) creating “warmer” visual environments. Regarding
colour rendering metrics, the light transmitted through all the studied woven shades shows excellent colour rendition. Finally, it is
concluded that the combined analysis of optical properties, spectral data and its impact on parameters that determine the quality of
lighting in an interior space enables an understanding of woven screens performance, which results in the possibility of taking

appropriate decisions when selecting woven shades.

© 2022 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

One of the most efficient ways to reduce energy lighting
consumption in buildings is to take advantage of the free natural
source called sunlight [I] in daytime spaces. The use of
daylighting combined with artificial lighting control systems has
revealed, in field studies, significant energy savings [2,3]. This is
particularly important in regions with many clear sky days, as it
offers the opportunity to light indoor daytime spaces with sunlight.
The use of natural lighting in buildings can also improve the
quality of interior spaces [4,5]. However, daylight is generally an
under-exploited resource mainly due to its variable nature [6].
Furthermore, the potential for energy saving and visual comfort
depends on how daylight enters the indoor space and this is mainly
determined by shading and solar control systems [7-9].

Shading devices have become increasingly important in the
energy performance of buildings. This has led to the development
of several innovative components [10] that seek to improve the
quality of indoor lighting and manage solar gain. If we focus on
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indoor woven shades, innovation has been targeted at the type of
fabrics used — screen, sheer, blackout, translucent — and at their
style — roller shade, cellular honeycomb shade, cellular roller
shade, dual shade, and sliding panels —. Currently, indoor woven
shades are one of the most widely used solar shading systems
because of their low cost, simplicity and visual appearance. Proper
implementation of woven shades can improve the quality of
interior lighting and reduce energy consumption used for space
lighting, heating and cooling [11-13].

Openness factor and visible transmittance are the most
commonly studied properties of woven shades. Several studies
have focused on their impact on roller shades performance.
Konstantzos and Tzempelikos [14] developed a methodology to
recommend optical properties of shading fabrics, in terms of
openness factor and visible transmittance, concerning glare
mitigation, energy performance, and connection to the outdoors.
Tzempelikos and Chan [15] confirmed that shade optical
properties (openness factor and beam-total transmittance at
normal incidence) have a significant impact on both daylighting
and visual comfort and should be considered in daylighting
calculation. Chan et al. [16] analysed the combined impact of
visible transmittance and openness factor on discomfort frequency
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and daylight metrics. As a result of their study, they developed a
methodology that allows determining the risk of glare according
to the openness factor and the visible transmittance of the woven
shade. The “view clarity index” developed by Konstantzos et al.
[17] can also be calculated using these properties. Jonsson et al.
[18] studied the light-scattering properties of a woven shade-
screen material used for daylighting and solar heat-gain control
and their relevance regarding energy and daylighting simulation
software’s. Chan et al. [19] analysed the impact of angular-based
solar optical properties on energy performance and glare using
annual simulation for different fabrics.

Other optical properties, such as the spectral transmittance of
woven shades and its impact on chromaticity and colour rendering,
have not been studied as extensively. The spectral power
distribution (SPD) of a light source specifies the amount of energy
(or power) emitted at each wavelength [20]. The SPD of
transmitted light affects visual comfort and colour perception [21].
The colour appearance of objects can be affected by the spectral
power distribution of the light source [22]. The spectral
transmittance of the glazing and/or the solar shading device has a
direct impact on correlated colour temperature (CCT) and colour
rendition properties (colour rendering index (CRI), colour fidelity
index (Ry), gamut index (Rg)). For many years CCT and CRI
[7,8,23-25] have been the two major components used to
understand the SPD of transmitted light [21,26]. Currently, other
parameters are proposed to analyse the colour rendition of light.
Some of them are overall average properties (Rrand Rg) and others
such as the chroma shift and the hue shift are hue-specific
properties of a light source [27,28]. Furthermore, new properties,
such as Duv, have been introduced to more accurately define CCT
values [20]. Duv is defined as the distance from the chromaticity
coordinate of the test light source to the closest point on the
Planckian locus on the CIE 1960 (u,v) [29].

These parameters, linked to visual amenity, are currently
becoming more relevant. Konstanzos et al. [30] state that
illuminance, luminance and CCTs are the main lighting metrics
that affect performance. Regarding the colour of light, they argue
that white lights and high CCTs were found to increase task
performance, while spectral tuning in the red or blue regions
improves alertness and cognitive performance as well. In their
study on electrochromic glass, Mardaljevic et al. [6] point out that
user acceptance of the visual environment produced by the applied
glazing will determine the success of the technology. The SPD of
the daylight passing through the system plays a key role in the
definition of the luminous environment [6]. Pineault et al. [31]
studied different glazing types that result in green and/or yellow
light colour shifts. In this study, they prove their hypothesis that a
colour shift in two directions (for example green and yellow) gives
better daylight quality than a colour shift in only one direction.
Arsenault et al. [32] claim that there is a preference for daylight
filtered through bronze window glazing (warmer shift). Vossen et
al. [33] studied the impact of a red luminescent solar concentrator
on visual comfort and impression and found a generally increasing
positive evaluation with increasing interior CCT, with the most
positive evaluations above 7000 K. However, they defined a
comfort boundary at 3283 K. They also determined an
experimental comfort boundary at 39 for the CRI, which is much
lower than the accepted standard value of good CRI for
performance tasks in most types of workrooms (CRI 80). After
studying a bronze (CCT = 4000 K), a clear (CCT = 5000 K), and

a blue (CCT = 7000 K) window condition, Liang et al. [34]
concluded that subjects preferred to stay and work in the bronze
window condition since it provides a warm tint and relatively
natural rendering of the illuminated environment. Chinazzo et al.
[35] also investigated the impact of orange, neutral and blue glass
on visual perception, focusing on the colour of light and visual
judgement of the environment. Their research results show that
subjects prefer neutral glass compared to the orange and to the blue
ones; this is likely a consequence of the high saturation of the
coloured glazing.

However, most studies focusing on chromaticity and colour
rendering have been carried out in the field of artificial lighting.
Dikel et al. [36] examined preferences for various spectra with
measured CCT of 2855 K, 3728 K, 4751 K, 5769 K, and 6507 K.
Results show that values ranging between 3728 K and 5769 K
were judged to be very similar to one another. They also found
that many of the spectral distributions with lower CCT values were
judged to be less luminous than the highest one. Finally, they
conclude that there is no one preferred CCT value; there is rather
a range that goes from 2750 to 14000 K, generally with negative
Duv values. Ohno et al. [37] conducted a series of vision
experiments so that the effect of chromaticity could be
individually evaluated, minimizing other effects such as colour
gamut or chroma saturation. The experiments were developed at
six Duv levels (0.02, 0.01, 0, -0.01, -0.02, -0.03) and at five CCTs
(2200 K, 2700 K, 3500 K, 4500 K, 6500 K). Their research
showed that the lights with Duv = -0.015 appeared as the most
natural at all CCTs. They also stated that there is a general
preference to the negative Duv lights for typical interior room
environments and that the most preferred white light chromaticity
was found to be around Duv -0.015, which is consistent overall
CCT ranges from 2200 K to 6500 K. Wang et al. [38] conducted a
study whose key objective was to test whether the chromaticity of
light individually has an impact on user preferences. For this
purpose, they used spectral distributions with two different CCT
values (3000 K and 6500 K) but kept similar settings of those
parameters that determine the colour rendering capability of a
source (gamut and colour fidelity). Results showed a Duv
preference of between -0.02 and -0.03 for CCT values of 3000 K
and from 0 to -0.01 for CCT values of 6500 K. Rea and Freyssinier
studied the subjective perception of white illumination for light
sources with different CCT values through psychophysical
experiments. They found that for sources with CCT values above
4000 K untinted white illumination is associated with Duv values
that lie above the blackbody locus. Smet [38], who also focused
on perceived neutrality of light, developed two neutral white
illumination loci: UW-neutral locus (based on the unique white
ratings under dark-adapted conditions) and CA-locus (based on
psychophysical data on the degree of chromatic adaptation) in
terms of CCT and Duv. Both loci have similar shapes but are offset
from each other in the u'v' chromaticity diagram. His results also
show that at 6605 K the highest neutrality is reached in both loci,
with corresponding Duv values of —0.0067 for the UW-neutral
locus and 0.0012 for the CA-locus.

In 2020, Royer et al. [39] validated through experimentation a
criterion that determines the colour rendering quality of a light
source according to three parameters (Ry, Rg, and red local chroma
shift) set by ANSI/IES TM-30-18 [28]. Ten colour rendition
conditions with different fidelity and gamut indexes and a red local
chroma shift (Resn1) were created, with CCT values ranging from
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2700 K to 3500 K and Duv ranging from 0.007 to -0.014. Results
show that while colour rendition is the determining factor of the
appearance of the objects, chromaticity is only meaningful in those
cases where saturation is high. Wider ranges of CCT have been
previously explored with similar results: Wang et al. [40]: 2800 K
to 6500 K; Royer et al. [41]: 2700 K to 4300 K. Royer et al. [39]
state that only when chromatic adaptation is not fully considered
an overall CCT preference can take place. Dangol et al. [24] state
that the impact of the Duv value on the colour rendering
performance of a light source remains unclear. Ohno [42] states
that across different CCT (2700 K — 5000 K) / Duv (0 to -0.015)
subjects preferred a chroma increase AC™,, between 4 and 8. The
subjects’ preference starts decreasing at larger saturations, as
objects progressively seem unnatural. The subjects’ preference at
saturation level AC"p, = 16 (most saturated condition) is
comparable to that of the neutral saturation (AC"s, = 0).

Against this background, the present study analyses the key
optical properties —light transmittance and reflectance, spectral
transmittance and reflectance- that determine the quality and
quantity of the incoming daylight after passing through a woven
screen shade. The analysis focuses on the SPD of transmitted light
and its influence on the chromaticity (CCT and Duv) and colour
rendering (R, Rr and red local chroma shift), as these properties
have a major impact on colour perception of light and colour
appearance of objects. Moreover, it is important to highlight that
the impact of woven roller blinds on these parameters has been
scarcely explored so far. In accordance with this objective in the
following section the analysed parameters are described. In the
materials and methods section woven shade samples and the
measuring equipment used to determine the spectral transmittance
and reflectance are described. Subsequently, the results are
presented and discussed.

1.1. Analysed parameters
1.1.1. Light transmittance and reflectance

Light transmittance (tv) is the percentage of visible light
transmitted through the woven shade [16] and light reflectance (pv)
is the fraction of the incident light that is reflected by the fabric.
On woven shades, incident beam radiation is split into two parts:
the undisturbed portion transmitted through the openings, and the
intercepted portion (transmitted or reflected) [43]. The beam-total
transmittance Tp. includes the beam-beam transmittance Tty
(undisturbed transmitted portion), which is equal to the openness
factor at normal incidence, and the beam-diffuse transmittance
Tp_q (intercepted radiation). Jonsson et al. [18] hold that the
diffuse transmission Ty of the fabric is from forward scattering
only. However, they detect that as wavelengths increase the
reflectance decreases yet the diffuse transmittance rises. This is
noteworthy if we consider that the diffuse transmittance is only a
function of forward scattering. Kotey et al. [43] claim that the
intercepted radiation (beam-diffuse transmittance) is scattered by
multiple reflections between and possible transmission through
the strands of yarn. Previous studies [18,43] show that woven
fabrics, as the analysed in this paper, generally have a negligible
specular reflectance component. The reflectance of the fabric
behaves almost like a completely Lambertian material [18].
Therefore, the beam-beam reflectance is equal to zero and the
beam-total reflectance is equivalent to the beam-diffuse
reflectance [43].

These characteristics are mainly defined by the fabric pattern,
colour, and density, which vary according to the manufacturer
[16,18]. Roller blind fabrics come in a wide variety of colours,
weave types, patterns, and fabric densities which results in
different openness factors, light transmittance, and light
reflectance values. Deneyer et al. [44] state in their study that the
diffuse component of transmittance (beam-diffuse transmittance)
is a key factor in the behaviour of light-coloured fabrics, as diffuse
light transmitted by the lighter weave is higher than that
transmitted by the darker weave. In line with this, Chan et al. [16]
argue that light-coloured fabrics typically have higher light
transmittance than darker fabrics with the same degree of aperture.
In dark textiles, where diffuse transmittance is lower [44], the
openness factor is a determining parameter of 1.

1.1.2. Spectral transmittance and reflectance

The spectral transmittance (t(A)) is defined by the ratio of the
transmitted power I(A) to the incident power Io(A) in a small
interval of wavelength around the centre wavelength A and in a
given (sufficiently small) solid angle of aperture [45]. Transparent
building components can significantly modify the spectral
composition of the transmitted daylight [46]. The spectral
reflectance (p())) is the fraction of radiation reflected in each area
of the electromagnetic spectrum, which determines the colour of a
given object.

1.1.3. Chromaticity: correlated colour temperature and Duv

There is a set of metrics for describing the spectral distribution of
a white light source; which is usually referred to as tint,
chromaticity, or colour of a light source [47]. The chromaticity of
light is normally expressed by means of the xy or u v’ chromaticity
coordinates. However, chromaticity coordinates do not intuitively
supply colour data [29], so often chromaticity is expressed in
terms of CCT and Duv. Thus, in this work, CCT and Duv were
selected to describe the colour of the light entering the space
through the woven shades.

The CCT is a temperature of the Planckian radiator having the
chromaticity nearest the chromaticity associated with the given
spectral distribution on a diagram where the (CIE 1931 standard
observer-based) u’, 2/3v’coordinates of the Planckian locus and
the test stimulus are depicted [48]. The CCT determines whether
a light source is neutral, bluish-white, or reddish-white [21]. Areas
above 5000 K are often referred to as cool white, while those
below 3500 K are termed warm white [22].

Duv is the Euclidean difference of chromaticity coordinate uv
between the test light source to the closest point on the Planckian
locus in the v’, 2/3v’ coordinate system [24], with positive values
for above and negative values for below the Planckian locus [49].
Duv values provide the information of the distance and direction
of color shift from the Planckian locus (yellowish/greenish or
pinkish) [29].

1.1.4. Colour rendering: fidelity index (Ry), gamut index (Rg) and
red local chroma shift (Res,n1)

Vividness, preference, naturalness, normalness, and visual clarity
are some of the subjective perceptual features of a space on which
colour rendition can impact significantly [28]. The colour
rendering of a light source is the effect of an illuminant on the
perceived colour of objects by conscious or subconscious
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comparison with their perceived colour under a reference
illuminant [50]. Frequently the index used to describe this
parameter was the CRI. Due to the shortcomings of the CRI related
to the colour space, the sample set and the reference illuminant
[20,22], a new method that overcomes these limitations was
proposed [28]. This new approach entails determining the overall
average properties (Ry, Rg) and the hue-specific properties (Res,
Rispj) of the light source under study. The ANSI/IES TM-30-20
only focuses on the precise quantification of the parameters that
define the colour rendering performance of a light source without
setting the criteria that would link the values obtained to a
subjective evaluation. Following this framework, this study uses
the colour preference specification criteria determined by Royer et
al. [39]. These criteria are based on the Ry, the Ry and Resni. While
individually these indicators do not correlate well with subjects'
preferences, a linear combination of the three does [22,41]. Royer
et al. [39,51] set three tiers with varying levels of stringency:

o  Tier A: Rr>78, Rg>95, -1%<Rchni<15% (Best)
e  Tier B: Ri>74, R>92, -7%<Renni<19% (Good)
e Tier C: Ry>70, Rg>89, -12%<Rchn1<23% (Acceptable)

The Rr is an accurate measure of average colour fidelity. It
focuses on determining the similarity of colours rendered by the
test source and reference illuminant [28]. Colour fidelity compares
the colour appearance under a test source considering the expected
appearance, based on previous observations under a reference
light source [22]. According to the “Technical Memorandum: IES
Method for Evaluating Light Source Colour Rendition” [28] alone
the Ry is most informative when the value approaches 100 because
then all colour shifts versus the reference illuminant are by
definition minimal. At lower R¢ values, additional measures are
needed to understand how colours are being shifted.

The R, is a measure of the area spanned by the average (a',b")
coordinates of the colour evaluation samples in each hue-angle bin,

Table 1. Properties of selected fabrics: fibre colour, openness factor, material.

(a'testj> b'testj) and (a'retj, b'rerj) [28]. The Rg compares the areas of
the colour gamuts enclosed by the test samples under the test
source illumination with respect to when they are illuminated by a
reference illuminant [22]. According to the ANSI-IES TM-30-20
[28] an R, value of 100 indicates that, on average, the test source
does not increase or decrease chroma compared to the reference
illuminant. It does not, however, indicate that all colours will have
equal chroma under the test source and reference illuminant. An
R, value greater than 100 indicates an overall average increase in
chroma compared to the test illuminant, whereas an R, value less
than 100 indicates an overall average decrease in chroma [28].
Light sources that increase the saturation, and therefore the colour
gamut area, are often preferred over those that do not, although
they distort the colour [22].

While these parameters have not been extensively studied for
roller fabrics, several studies focus on the spectral transmittance,
chromaticity and colour rendering properties of light transmitted
through glazings and other innovative transparent solutions.
Gunde et al. [52] reported that gasochromic and electrochromic
switchable windows in the coloured state modify the spectral
composition of the transmitted light significantly reducing the CRI
with respect to green glass under comparable conditions.
Mardaljevic et al. [6] showed that as the electrochromic glazing
darkens taking on a blue hue the spectral transmission changes.
The glazing takes on a progressively stronger blue hue as it
transitions from the clear state to the fully tinted state. To maintain
a neutral transmitted light spectrum, a small proportion of the
electrochromic glass is kept in a clear state. Ghosh et al. [21]
studied dye-sensitized solar cells (glazing applications) and found
a strong linear correlation between CCT and CRI. In contrast,
when studying suspended particle device switchable glazing no
strong correlation was found between CCT and CRI [53]. Buratti

Code Image Fibre colour OF% Material

9801 white-white 5 PVC-coated fiberglass

4301 white-white 3 PVC-coated polyester

4001 white-white 5 PVC-coated polyester

3006 white-white 14 PVC-coated fiberglass and polyester
4008 grey-white 5 PVC-coated polyester

4308 grey-white 3 PVC-coated polyester

3008 grey-white 14 PVC-coated fiberglass and polyester
2007 grey-white 5 PVC-coated fiberglass

9808 grey-grey 5 PVC-coated fiberglass

3009 black-grey 14 PVC-coated fiberglass and polyester
2004 black-black 5 PVC-coated fiberglass
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Table 2. Specifications of the OL 750 spectrophotometer.

Specifications Value
Wavelength range 0.20 — 30 pm
Wavelength accuracy +0.05%
Wavelength precision +0.01%
Dispersion 2 nm/mm
Bandwidth 0.25to 10 nm

et al. [46] found that light transmitted through transparent
monolithic aerogel tends to shift colours towards a blue hue. The
CRI obtained was 85. Aste et al. [54] analysed the colour rendering
performance of electrochromic, thermo-chromic, gasochromic,
photochromic windows, suspended particle devices and liquid
crystal devices according to the IES TM 30-15 [55] colour
rendering method. They claim that the colour rendering properties
of light entering the space can be strongly modified as a result of
the implementation of these devices, particularly when they
feature low transmittance states. Dangol et al. [24] studied
different types of glazing: monolithic, laminated, coated and
applied film glazing regarding various colour quality metrics, such
as CIE CRI, R, pes (CRI taking constant reference illuminant), Duv,
CCT, colour gamut area, and TM-30. Results show that the
daylight transmitted through the different types of glazing has
positive Duv values. They also found that the type of material used
to manufacture the window glazing has a significant impact on the
CIE CRI and CCT.

2. Materials and methods
2.1. Woven shades

The fabric selection criteria are based on the colour and openness
factor (OF) of the fabrics. Woven fabrics with white, grey and

black fibres and their combinations were selected. Furthermore,
fabrics with an OF range between 3 and 14 were chosen.
Considering the previous mentioned criteria, the woven fabrics
that figured the highest sales volume during the last year on the
local market were chosen. The selected fabrics show different
physical properties (material, colour, OF) presented in Table 1.
The fabrics are made of fiberglass, polyester or
fiberglass/polyester yarn for its core and coated with vinyl.

2.2. Spectroradiometer measurement

Spectral reflectance and spectral transmittance measurements for
each of the analysed fabrics were carried out with an OPTRONIC
OL 750 spectrophotometer double monochromator [56], with
accessory OL 740-70 (integrating sphere) [57] and accessory OL
740-20 (high intensity source attachments) [58]. Specifications of
the OL 750 spectrophotometer are shown in Table 2. These
measurements were performed by the Radiometry Laboratory of
the Department of Lighting, Light and Vision (DLLV, UNT) and
the Institute for Research in Light, Environment and Vision (ILAV,
CONICET). Measurements were made by the comparison method,
which requires two scans to be completed in 4 steps: two for
system calibration and two for sample measurement. Calibrated
PTFE reflectance references were used.

The metrics analysed in this work were calculated based on the
spectral transmittance and reflectance data. Specifically, the light
transmittance values 1ty and light reflectance values p, were
calculated according to EN 410:2011 [59]. CCT and Duv were
calculated according to the methods proposed by Onho [29] in
"Practical Use and Calculation of CCT and Duv". Finally, R, R,
and red local chroma shift values were calculated according to
ANSI/IES TM-30-20 [28].

To facilitate the analysis, textiles were grouped following their
colour: light (L), intermediate (I), dark (D). This classification
was made according to the fibre colour: light (white-white fibres):

Table 3. Values of light transmittance -beam-beam transmittance ., / beam-diffuse transmittance t,.q - and reflectance (+£0.06%) and openness factor for each of the
analysed textiles. Glare control and visual contact with the outside classifications (EN 14501).

0.3 -
. I I I I
Lla%
OF I I I
LLI
. 1

Code 4001 3006 9801 4301 3008 9808 4008 4308 2007 3009 2004
Image
Ty 0.24 0.28 0.24 0.20 0.25 0.17 0.11 0.10 0.11 0.17 0.07
Tod 0.19 0.14 0.19 0.17 0.11 0.12 0.06 0.07 0.06 0.03 0.02
OF (=1p) 0.05 0.14 0.05 0.03 0.14 0.05 0.05 0.03 0.05 0.14 0.05
Py 0.72 0.69 0.73 0.73 0.44 0.53 0.54 0.50 0.37 0.08 0.05
Glare control classification (EN 14501)* 0 0 0 0 0 0 1 1 1 0 1
Visual contact with the outside classification (EN 14501)* 0 3 0 0 3 1 1 1 1 4 2

*0- very little effect; 1- little effect; 2- moderate effect; 3- good effect; 4- very good effect
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4001, 3006, 9801, and 4301; intermediate (white-grey and grey-
grey fibres): 3008, 9808, 4008, 4308; dark (black-grey and black
fibres): 3009, 2004.

3. Results
3.1. Light transmittance and reflectance

Table 3 shows light transmittance (ty), light reflectance (py) and
openness factor (OF) values for all the analysed fabrics. These
properties will be analysed briefly given that the obtained results
agree with those achieved by previous studies, outlined in the
introduction to this article [16,18,43,44]. Regarding, "light" colour
textiles T, values range between 0.20 and 0.28. It can be observed
that the t, values are significantly higher (on average 17%) than
the OF. “Intermediate" colour textiles feature t, values between
0.10 and 0.25, with the highest degree of dispersion (standard
deviation (SD) 0.06). This increased dispersion is due to textile
3008 which has an OF of 14% and therefore its 1y is higher (0.25).
It is of relevance to analyse how "intermediate" textiles with
similar properties -OF, reflectance, type of fabric and weight-
(4008 and 9808) show 1, values with up to a 6% difference. This
notable difference in 1y could be because the core material in 4008
is polyester while in 9808 it is fiberglass. However, this is not
observed in light-coloured textiles, where 4001 and 9801 represent
a similar situation but with higher values of p,. Concerning "dark"
fabrics - 3009 and 2004 - it can be observed that the fabric with
the highest OF (3009 - OF 14%) presents 1, values (0.17) similar
to those of fabrics with intermediate colours (Table 3). While
textile 2004, also “dark™ coloured, shows a much decreased tv as
it has a lower OF (5%). Finally, it is observed that the p, is mainly
determined by the colour of the textile.

It is particularly interesting to analyse how all the studied
textiles present values of beam-beam transmittance 1., (= opening
factor) equal or higher than 0.03 and beam-diffuse transmittance
Tp-d equal or higher than 0.02 (Table 3). According to these two
properties, the EN 14501 standard [60] determines the glare
control classification for solar protection device in which the
curtain is made of textile, film or perforated opaque material. This
classification follows the glare protection classes defined in the
same standard: 0- very little effect; 1- little effect; 2- moderate
effect; 3- good effect; 4- very good effect. Within this
classification, only four of the analysed fabrics -2007, 4008, 4308
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and 2004- are in category 1 and all the others fall into category 0
(Table 3), which means that they have little or very little effect on
glare control. Furthermore, the EN 17037 standard [61] sets the
conditions of annual radiation availability (hours of sunshine per
year) and facade orientation under which textiles can be used
according to their glare-prevention performance. Locations with
more than 2100 annual sunshine hours are considered zone H,
such is the case of the City of Mendoza. According to the standard,
for this zone, fabrics “class 1” can only be used efficiently
(daylight glare probability DGP < 0,35 imperceptible [31]) in
those spaces with small windows and where the workplace is at
least 3 m away from the window, regardless of the orientation.
Concerning visual contact with the outside, so as to meet a “very
good” performance according to EN 14501 standard [60], a Tb-b>
0.10 and a 1.4 < 0.04 is needed; the only tested woven shade that
achieves this category is 3009 (Table 3). Fabrics 3008 and 3006
show a “good effect” (tp-, > 0.10 and a tp-¢ > 0.04 and < 0.15).

3.2. Spectral transmittance and reflectance

Figure 1 shows the spectral transmittance curves of the “light”
coloured studied textiles. By analysing the behaviour of the
textiles in the category it is observed that their transmittance
values increase between 390 nm (violet) and 420 nm (violet). It is
interesting to observe how textiles 9801 and 3006, both made of
fiberglass or mixed polyester/fiberglass, perform similarly at
wavelengths above this value, while textiles 4001 and 4301, both
made of polyester, exhibit different behaviour. The "light"
fiberglass or mixed polyester/fiberglass fabrics reach almost their
maximum transmittance between 580 nm (yellow) and 650 nm
(red); next the transmittance drops between 660 nm (red) and 720
nm (red) and finally climbs back up in the near infrared range.
Polyester fabrics, meanwhile, show a constant increase in
transmittance values starting at 420 nm (Fig. 1).

Figure 2 shows that textile 3008, which has a mixed
composition (fiberglass and polyester) and which belongs to the
"intermediate" category according to its colour, performs in a
similar manner to "light" coloured textiles. As previously stated,
this is due to its high OF. This fabric increases its transmittance
between 390 nm (violet) and 420 nm (violet) and then it increases
its transmittance values up to 25% at 630 nm (orange). After this
wavelength, there is a slight decrease in transmittance values from
650 nm to 730 nm, probably due to its mixed nature -fiberglass
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Fig. 1. Spectral transmittance of “light” selected screen fabrics.
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Fig. 3. Spectral reflectance of selected screen fabrics.

and polyester-. Regarding the material’'s composition, some
greenhouse producers report that fiberglass and PVC cause a drop
in transmittance at wavelengths close to 750 nm. This could
explain the behaviour differences within these wavelengths, for
both fiberglass and polyester textiles. As for the remaining
"intermediate" textiles, the relationship between spectral
transmittance performance and material composition is less clear
than in the case of the analysed “light” coloured textiles. Textiles
4008, 4308 and 2007 show a constant growth in transmittance
values above 410 nm (violet). Fabric 9808 shows a very slight
decrease in transmittance between 640 nm to 720 nm.

“Dark" fabrics have a more constant response, with a lower
variation in transmittance over the analysed range (378 nm - 770
nm). The standard deviation of the transmittance values is 0.0003
for fabric 2004 and 0.0012 for fabric 3009. In this group (dark
colours) a change in behaviour given by the material that makes
up the fabric was not detected. This is comparable to what happens
with textile 2007 (tv 0.11). However, it would be interesting to
analyse the performance of polyester made textiles with similar
properties. In terms of the percentage of light transmittance by
wavelength, it is important to note that fabric 3009 shows a similar
behaviour to that of “intermediate” coloured fabrics, which, as
explained above, is due to its high OF.

In Fig. 3, it can be observed that above 420 nm (violet), "light"
textiles maintain spectral reflectance values between 60 and 73%,
“intermediate” ones between 54 and 33% and “dark” ones

between 5 and 9%. The spectral reflectance curves also show a
relationship between the material that makes up the weave and the
spectral behaviour of the fabric. All tested textiles, except for 2004
and 3009 -"dark"-, raise their spectral reflectance values between
380 nm (violet) and 440 nm (violet) and then maintain relatively
constant reflectance values (SD min. 0.01; SD max. 0.04) in the
tested wavelength range. However, when analysing the spectral
reflectance data of the fabrics composed by fiberglass (Fig. 3), a
decrease is observed (=10%) in the "light" fabrics between 640 nm
(red) and 750 nm (red), reaching again reflectance values close to
70% towards the near infrared range of the spectrum. Within the
"intermediate" textiles, this reduction dimmed to a maximum
decrease of 4%. While in “dark™ textiles, the effect of the fabric
material composition is not observed. Polyester fabrics show a
slight (< 5%) and gradual drop in their visible spectral reflectance
after reaching their highest value. The overall analysis of Fig. 3
allows us to assert that the intensity of diffuse reflection is mainly
a function of colour for woven shades.

3.3. Chromaticity and colour rendering

The resulting parameters are shown in Table 4. CCT values range
from 5210 K to 6479 K. In all the analysed cases, CCT values are
lower than those of clear 6 mm glass (6554 K). The CCT values
obtained exceed 4000 K, which Liang et al. [34] detects as the
preferred upper limit for working conditions. However, all CCT
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values are located above the comfort boundary condition (higher
than 3283 K) defined by Vossen et al. [33]. It is interesting to
analyse how white-white textiles 4301, 4001 and 9801, white-grey
textiles 4008 and 4308, and grey-grey textile 9808 fall within the
CCT range that, according to Dikel et al. [36], is judged as similar
and preferred (3728 K - 5769 K) when compared to more extreme
and higher (6507 K) or lower (2855 K) values. Textile 3006 ranks
below, yet close to the upper limit of the CCT value established
by Dikel et al. [36]. The screen fabrics outside this range (3008,
3009, 2007 and 2004) share a number of optical properties. It is
observed that these textiles have py values below 45%. This entails
a reduction of the beam-diffuse transmittance T4 (intercepted
radiation), which further increases the effect of the undisturbed
transmitted portion of the illuminant. This is visible in Fig. 4
where the points (chromatic coordinates u'v") corresponding to the
illuminant D65 and textiles 3009 and 2004 overlap, with minor
differences in their location. Moreover, the 300X series has the
highest OF, within the set of analysed textiles, resulting in an
increased beam-beam transmittance Ty, (undisturbed transmitted
portion) which also leads to an increased impact of the spectral
distribution of the D65 illuminant (CCT 6504 K and Duv 0.0032).

The results presented in Table 4 show that the light transmitted
through the studied woven screen shades has positive Duv values,
and therefore their u'v' colour coordinates are above the Planckian
locus or black body locus (Fig. 4). This indicates that the light
transmitted through the fabrics has a yellowish/greenish colour
shift. This would be unfavorable in terms of color perception
according to studies conducted by Dikel et al. [36], Ohno et al. [37]
and Wang et al. [62] in which a preference is identified towards
environments where lights have Duv values slightly below the
Planckian locus for CCT values between 2700 K and 6500 K.
However, if we consider the studies developed by Smet et al. [38]
and Rea and Freyssinier [63], the Duv values obtained for the
range of analysed CCT are close to the neutral perception of
chromaticity. Particularly, Rea and Freyssinier [63] state that
between 4000 K and 6500 K, the perception of untinted white
illumination is associated with Duv values above the Plackian
locus. This agrees with the results obtained by Smet et al. [38],
who also focus on perceived neutrality of light and develop a locus
based on chromatic adaptation for which Duv neutrality values are
located above the black body locus for CCT values between 4500
K and 6500 K. Figure 4 shows that the chromaticity values
calculated for textiles are very close to those of the CA-locus
developed by Smet et al. [38].

The R, versus Replot (Fig. 5) shows that Rr values approach 100
and therefore all colour shifts compared to the reference illuminant
are low. Also, the R values range between 99 and 100, indicating
that, on average, woven shades do not increase or decrease chroma
when compared to the reference illuminant. This is shown in the
analysis of the local chroma shift (Res ) - average shifts in each of
the 16 hue bins defined in TM-30-20 for each of the woven shades
- (Table 5 and Fig. 6). Table 5 shows that the value of local chroma
shift for each of the 16 hue bins is at maximum 1% and minimum
-1%. Considering the values of Ry, Rg and Re 1 obtained for each
of the woven screen fabrics and according to the colour preference
specification criteria developed by Royer et al. [39], all the fabrics
correspond to Tier A (Rf 278, Rg>95, -1%<Rchni<15%). This
indicates that the light passing through the fabrics presents
excellent colour rendition.

Table 4. Chromaticity and colour rendering parameters calculated for each of the
analysed woven screen fabrics: CCT, Duv, Rg, Rg, Rep, ni-

Woven screen shade CCT Duv Ry R, Ren, bt
4301 5210 0,004 98 99 -0,01
4008 5355 0,002 99 100 0,00
4001 5372 0,004 99 99 -0,01
9808 5640 0,004 99 100 -0,01
9801 5644 0,005 98 99 -0,01
4308 5737 0,002 100 100 0,00
3006 5862 0,005 99 99 -0,01
2007 5872 0,003 99 100 -0,01
3008 6223 0,004 100 100 0,00
2004 6470 0,003 100 100 0,00
3009 6479 0,003 100 100 0,00
0.54
42004
0.53
42007
0.52 Wy
0.51 3008
0.5 3009
> 0.49 04001
o 4008
0.48 /"‘. ¢
/o 4301
0.47 '
?o +4308
046 =9801
0.45 / 9808
0.44 | CA-locus Smet
016 0.8 0.2 022 024 026 028 etal. (2018)
v D65

Fig. 4. u'v’ chromatic coordinate’s for the studied woven shades, CA-locus Smet
[38], Planckian locus.
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Table 5. Local chroma shift (Res; )for the eleven studied woven shades.

woven shade Resni Rz Regns Resne Resns Regne Resr Resps Resno Resnio Resnin Resniz Resnizs Resnig Resnis Regnis
4301 -0,01 0,00 0,00 -0,01  -0,01 -0,01  -0,01 -0,01 0,00 0,00 0,01 0,00 0,00 0,00 0,01 -0,01
4008 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
4001 -0,01 0,00 0,00 0,00 -0,01 -0,01  -0,01 -0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 -0,01
9808 -0,01  -0,01 0,00 0,00 0,00 0,00 0,00 -0,01  -0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00
9801 -0,01  -0,01 -0,01 0,00 -0,01 -0,01  -0,01 -0,01  -0,01 0,00 0,00 0,00 0,00 0,00 0,00 -0,01
4308 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
3006 -0,01 0,00 0,00 0,00 -0,01 -0,01  -0,01 -0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 -0,01
2007 -0,01 0,00 0,00 0,00 0,01 0,00 0,00 0,00 -0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00
3008 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
2004 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
3009 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Dark woven shades Intermediate woven shades Light woven shades
6 5 4 3 \ 6 5 4 3
7 N 2 7\
\\ / )
8 f 1

mmmm )55 mm— 2004 3009

3008

4008  ——— 2007

Fig. 6. Colour vector graphics for the dark, intermediate and light woven screen shades studied.

4. Discussion

The determination of a set of physical and optical fabric properties
(tv, pv, OF, spectral reflectance, spectral transmittance) enables
further analysis on energy and visual comfort performance of the
roller screen shading systems. On the one hand, considering
properties such as T, makes it possible to understand issues related
to energy consumption, such as which textile admits the most
daylight into the space. It also enables the analysis of issues linked
to indoor visual comfort. The 1, and the fabric's openness factor (=
direct transmittance), among other environmental aspects, are
used in EN 14501 [60] and EN 17037 [61] standards to assess
fabric performance in terms of glare and vision outside. On the
other hand, analysing spectral data such as fabric spectral
transmittance and reflectance shows that the material that fabrics
are made of - polyester or fiberglass - has an impact on its spectral
transmittance and reflectance. This underlines the importance of
examining the optical behaviour of roller curtains from a spectral
point of view. However, concerning the tested fabrics, the
difference in the spectral behaviour according to the polymer used
in the weave is not reported in the chromaticity and colour
rendering metrics. This is likely because all the studied woven
fabrics are coated with the same material (PVC); the surface
coating mainly determines the spectral behaviour in the visible
range.

Results obtained regarding the chromaticity and colour
rendering qualities of daylight transmitted through the studied
woven shades highlight the following issues:

e p, and OF were found to impact CCT values. According to
the results of this study, fabrics with pv under 45% tend to
have higher CCT values (range 5872 K - 6479 K) and
therefore would provide "cooler" visual environments. Those
with higher light reflectance, on the other hand, have lower
CCT values (range 5210 K - 5737 K) providing "warmer"
visual environments instead. It is also observed that those
textiles with higher OF values (14%) have higher CCT values
than those with the same colour but lower OF values.

e Regarding the Duv values of the light transmitted through the
fabrics, it can be observed that they are located above the
black body curve since they have positive values. This, as
previously exposed, is favourable in terms of perceived light
colour neutrality according to some studies [38,63] but
unfavourable according to others [36,37,62].

e Regarding colour rendering metrics, the light transmitted
through all the studied woven shades shows high values of R,
values close to 100 for R, and very low Resni values and
therefore excellent colour rendition. These results are in line
with David et al. [22] concerning the fact that an essential
property of human colour perception is that it supplies stable
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http://creativecommons.org/licenses/by/4.0/

10 A. Villalba et al. / Journal of Daylighting 9 (2022) 1-12

information about the colour of objects, independently of the
object’s illumination’s chromaticity and intensity.

Given the enormous variability of the different types of glazing
available on the market with respect to chromaticity and the colour
rendering capacity of transmitted light [24], it is interesting to
highlight how the analysed set of the most commonly used woven
shade fabrics at local level-white, grey and black, with OF
between 3 and 14-, do not have a significant impact on the colour
rendering capacity of transmitted daylight. The results of this
study regarding the set of analysed fabrics show that the focus
should be placed on the spectral transmittance of the glazing that
will be applied in the window system, leaving the selection of
woven shades to other parameters -visual, economic and/or
aesthetic-.

When analysing the results of this study, it is key to considerer
that humans exhibit very good colour constancy under natural
viewing conditions [64]. Fotios [65] states that colour adaptation
is the regulation in the sensitivity of the visual system in response
to changes in the SPD of the prevailing illumination, thereby
guaranteeing that colour vision can be used reliably in different
lighting conditions. Although a shift in the spectral composition of
the source results in a modification of the SPD of the light reaching
the retina, the human visual system has a colour balancing process
that can compensate for these changes [65].

It is important to consider that the international standards for
chromaticity and colour rendering analysis [28,59,66] developed
so far do not address the dynamic nature of the daylight source.
Time of day, season, and geographical location can modify the
SPD of the sunlight hitting a window. Also, the strong angular
dependence of the light transmitted by roller woven shades [67],
determined by the cut-off-angle of the shades, fixes the ratio of
beam-beam transmittance tb-b and the beam-diffuse transmittance
tb-d entering the space, which may also influence the spectral
distribution of the transmitted light. However, in the absence of
specific standards for daylighting, this work and other works
[21,24,53,54] published in recognized international journals in the
field, use the mentioned standards to analyse the behaviour of
different window components concerning these parameters. It is
therefore essential to further the analysis with measurements in
test rooms under daylighting conditions which include the effect
of the position of the sun on the transmitted light and its
consequent impact on chromaticity and colour rendering. At
present, the authors of this work are working on this type of
analysis. Determining whether the effect of the sun's position in
the sky changes the rank of shading and glazing systems regarding
these properties would establish whether there is a need to develop
specific standards for evaluating window components.

Finally, it is essential to analyse the challenge proposed by the
results of the study regarding light chromaticity, colour rendition,
and glare and the energy-saving possibilities by the natural
lighting. Regarding the color of the transmitted light, all the
scenarios are in an acceptable range and, in terms of the ability to
render the colors of the objects, the transmitted light has very good
properties. From the perspective of daylight availability, woven
shades with higher light transmittance are the best option —light
coloured fabrics-, as they favour the entrance of solar light.
However, when we analyse some of the studied parameters, which
determine the visual comfort and the quality of the natural
illumination —outside view and glare — according to standard EN

14501 [60] (Table 3), the darkest textiles with reduced
transmittance, appear as the most favourable in most cases. This
poses an enormous challenge for the design of window systems:
achieve energy savings -reduce the use of artificial light- without
neglecting the parameters that determine visual comfort. This
could suggest that it is necessary to think about a window design
with different zones. Some sectors and strategies favour energy
saving. And others manage the entry of light in terms of colour
quality and glare, generating spaces with visual comfort. Reinhart
et al. [68] analysed different fagade layouts and conclude that the
best setting in terms of useful daylight illuminance is one that has
an upper section with an overhang and a lightshelf and in the lower
section blinds; as the lightshelf raises the useful illuminance in the
back sector of the indoor space while the blinds limit the entry of
direct solar radiation. Aste et al. [69] studied the performance -
CCT, illuminance level and CRI- of a window with an upper part
made up of a lightshelf and a yellow luminescent solar
concentrator (used as glazing). As shown in their study the spectral
properties of the glazing used in the upper part of the window
should also be carefully considered in terms of CCT and CRI. In
this regard, the splitting up of the window into sectors can also be
thought of as a strategy for managing the CCT of transmitted
daylight, as proposed by Mardaljevic et al. [6].

5. Conclusions

According to the aforementioned, it is possible to conclude that
the combined analysis of optical properties, spectral data and its
impact on parameters that determine the quality of lighting in an
interior space enables an understanding of a fabric's performance,
which results in the possibility of taking appropriate decisions
when selecting a fabric, according to the purpose of the room (the
task to be performed), the users' preferences and the energy-saving
potential. The results of this paper contribute to the design of
window systems by providing information with respect to the
impact that roller screen shades have on the colour qualities of
transmitted daylight. It seeks to move forward in the introduction
of woven shades selection criteria that describe their performance
in terms of colour appearance and colour rendering properties,
focusing on the lighting demands of the tasks that will be
performed in the shaded space.

In the future, it is necessary to conduct studies on user
preference regarding chromaticity and the ability of daylight to
reproduce the colours in interior spaces with woven shades or
other solar protection systems in their openings. These studies will
make it possible to verify whether the criteria developed for
artificial lighting conditions require adjustments for natural
lighting conditions (dynamic light source).
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