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1. Introduction

Luminescent Solar Concentrators (LSCs) are solar active
devices (Goetzberger and Greubel, 1977; Goetzberger, 1978;
Swartz et al., 1977) that can be suitable to be integrated in
architecture (Van Sark, 2013), preserv-ing transparency of
the envelope and therefore assuring profitable energy
production and light exploitation into the building spaces.
The interest in LSC comes from the opportunity to reduce
the photovoltaic surface, which is
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located only on the edges of the component, and the related
costs and to improve daylighting into the indoor spaces.
Office buildings are often realized with wide transparent
fagades, causing in many cases glare and overheating prob-
lems to the users (Nazzal, 2005; Fadzil and Sia, 2004; Kim
and Kim 2012; Shin et al., 2012). However the architectural
language seems to be unavoidable connected to the trans-
parent image of this kind of the buildings in which shading
systems, to control and manage the daylight, have to be
considered even into the design phase. LSCs can be applied
as part of the transparent envelope paying attention to the
color due to the dyes dispersed into the plastic bulk used.
When transparency and a more extensive use of diffuse
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Nomenclature

Variables and parameters

A wavelength (nm)

V luminous efficiency (-)

V(%)  photopic function (nm)

K luminous efficacy (Im/W)

E illuminance (Ix)

() flux (W, Im)

UGR unified glare rating (-)

R, general color rendering index (-)

R1 to R15 special color rendering indexes (-)
CCT  correlated color temperature (K)

radiation are required, LSCs components may be a good
alternative to traditional photovoltaic systems (Wiegman
and Van Der Kolk, 2012). However their durability and
technical-economic competitiveness have to be ensured
(Debije and Verbunt, 2012).

This paper describes the first daylighting evaluations
carried out on a new LSC prototype, developed by ENI
Donegani Institute (Scudo et al., 2010) and analyzed by
Politecnico di Milano, in which photoluminescent dyes
are dispersed into a polymethylmethacrylate (PMMA)
sheet. The dyes developed in the first research phase and
dispersed in the plastic transparent slab provide a yellow
color to the component. Photovoltaic performances have
been dealt with in other studies.

The dyes dispersed in the transparent slab are: DTB
(4,7-di(2-thienyl)benzo[c]1,2,5-thiadiazole) synthesized by
ENI, and DPA (9,10-diphenylanthracene), a commercial
dye (Patent Number(s): WO2011048458-A1; WO20110
48458-A8) (Aste et al., 2015). The curves of absorption
and photoluminescent intensity of emission related to the
two dyes are shown in Fig. 1.

Experimental measurements on the absorption and
emission spectra of DPA and DTB dyes, carried out at ENI
Donegani Institute, are represented in Fig. 1. The two
parameters are defined below.

Absorbance is the logarithmic ratio of the amount of
radiation falling upon a material to the amount of
radiation transmitted through the material. Absorbance
at a certain wavelength of light (1), denoted 4,, is a quan-
titative measure expressed as:

Iy
1
i.e., as an unsigned logarithmic ratio between I, the radia-
tion falling upon a material (the intensity of the radiation
before it passes through the material or incident radiation)
and I, the radiation transmitted through a material (the

intensity of the radiation that has passed through the mate-
rial or transmitted radiation).

A; =log,,

SPD  spectral power distribution (W/m? nm)
T transmission coefficient (—)

Subscript

A spectral

m average value

min minimum value

v visible

e radiant

CcG clear glass

LSC  luminescent solar concentrator
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Fig. 1. Absorbance and emission spectra of DTB and DPA and Solar
spectrum (Air Mass 1.5);.

Photoluminescence Intensity is the ratio between emitt-
ed and absorbed photons, expressed also as fluorescence
quantum yield (®pr, = 0.83 for DPA and ®p; =0.90 for
DTB).

The yellow LSC component can be integrated in differ-
ent parts of the building envelope carefully considering the
color affection on visual comfort parameters (Lynn et al.,
2012; Palladino, 2005; Palladino 2002; Coppede and
Palladino 2012).

The integration of the yellow LSC changes the quality of
light in the indoor space, the light becomes warmer as the
correlated color temperature (CCT) is lowered in compar-
ison with a clear glass solution. The decrease of the CCT
produces favorable effects on visual comfort and can
enhance the cold light in climates in which covered sky
are prevailing. Moreover the color of the dyes produces a
spectral shifting of the wavelength that comes closest to



the human visible peak wavelength in the photopic vision,
improving the illuminance level and luminous efficacy of
the light in the indoor spaces, as described in Section 5.

2. Parameters of luminous performance

The quantity of light is the first parameter which should
be controlled in the luminous performance analysis and it
is quantified through the illuminance level E [Ix] that is
the luminous flux @&, [Im] reaching a point on a surface
[m’].

The sensitivity of human vision system is connected to
the wavelength of light (Tachibanaki et al., 2007; Petrides
and Trexler, 2008; Fekete et al., 2010), and the spectral eye
sensitivity curve VA has the peak wavelength at 555 nm. The
wavelength and color of the light regulates biological effects
of the light-darkness cycle too (Berson et al., 2002; Hattar
et al., 2002; Bellia et al., 2011; Dacey et al., 2005) influencing
a large variety of bodily processes (Gamlin et al., 2007; Van
Bommel, 2006) and playing an important role in governing
alertness, sleep and therefore wellness (Morita et al., 2003;
Webb, 2006). As a result the visual performance of the users
in the indoor space is also related to quality of light (Linhart
and Scartezzini, 2011) that means as primary factor the
correlated color temperature CCT [K] which determinates
the color of the light and thus the influence on the
perception and wellness of the users and secondly the color
rendering index R, [-] which allows to perceive the natural
color of the objects and to perform detailed visual tasks.

The international standard on lighting in working spaces
requires the compliance of threshold values of a lim-ited
number of variables specified for different activities. The
main parameters indentified in the European Standard (EN
12646:2011) to quantify and qualify the correct light-ing in
the workplaces are illuminance, CCT and R,. The values of
these parameters required in the work spaces range for
illuminance between 200 and 750 Ix, for CCT between 3000
K and 5300 K (i.e. warm and intermediate white light) and
the value of R, 1s 80 [-].

Thus the present study is focused on such parameters to
assess the issue concerned, i.e. the effect of daylighting
changed by a colored LSC component in the indoor space.
For that reason the parameters assessed in the following
analyses are the value of illuminance in a specific point and
the CCT value, able to describe the effect of the LSC
component in changing the quality of the incoming
daylight.

The quantity of light (i.e. illuminance) and the quality of
light (i.e. CCT) are the most relevant parameters to under-
stand the possibility to reduce electrical needs in the indoor
space and hence to achieve energy saving and to assess the
quality of the environment perceived (Lutfi Hidayetoglu et
al., 2012; Clements-Croome, 1977; Boyce and Cuttle 1990;
Ju et al., 2012), moreover related to their correlation,
affecting the users in performing medium or accurate visual

tasks (Mills et al., 2007; Pinto et al., 2008). Finally, the col-or
render index R,, commonly used to evaluate the perfor-
mance of artificial lighting, becomes interesting as a
colored transparent surface is integrated into the building
envelope and lot of cases can be found in which the color
of the envelope is not previously evaluated in the design
phase implying visual discomfort for the user and reduced
capacity to perform detailed visual tasks.

3. Methodology

The appealing transparency and color of the LSC added
to the photovoltaic generation make stronger the potential
of such a component for building integration in fagades
and windows. For that reason it is crucial to analyze the
LSC performance in term of daylighting exploitation.

The study start by considering that light can be exactly
characterized by giving the radiative power of the source at
each wavelength in the visible spectrum. The resulting spec-
tral power distribution (SPD) contains all the basic physi-
cal data about the light and it is useful as starting point
of color quantitative analyses. Accordingly, the analyses
on the LSC sheet were carried out with a spectrometer
on a scaled physic model of a single standard working
space.

Therefore, a physical model of an office space with a
glazed facade was realized and tested. The glazed facade
was equipped with a main clear glazed window and a fan-
light in which alternatively were tested a clear glass (light
transmission 1, cg = 0.9) and the yellow LSC sheet (light
transmission 1, sc = 0.75).

The analyses were performed during an overcast day
(10th January 2013 12 p.m., overcast sky illuminance
E,=30341x) and a sunny day (28th May 2013 12 p.m.,
sunny sky illuminance E;= 704311x) in Milan, Italy,
evaluating the illuminance level and the CCT in the central
point of the indoor space in the two fagade configurations.
Changes in the illuminance level and CCT were registered
in the two sky conditions comparing the clear glazed fagade
with the LSC facade and during the sunny day expected
problems of glare and color spot in the indoor space were
highlighted.

Thus the same two configurations were tested with the
addition to the physical model of a light-shelf located
between the main window and the fanlight, to reflect direct
upper light to the ceiling. This configuration allows avoid-
ing the problem of color rendering, reducing possible prob-
lems of glare (Li, 2010; Hernandez-Andres et al., 1999,
2001; Van Bommel and Van den Beld, 2004), improving
uniformity of illuminance by reducing light levels near
the window (Littlefair, 1995; Soler and Oteiza, 1997) and
enhancing them in the back of the room (Claros and
Soler, 2002; Claros and Soler, 2001).

The measures were performed by a spectrometer which
provides the distribution of SPD and the exact values of
illuminance E and CCT.



4. Experimental set up

The paper reports the results in term of spectral power
distribution (SPD), illuminance (E) and correlated color
temperature (CCT) of the incoming light into a scaled phy-
sical model of an office space with the following fagade
configurations:

1. CG: clear glazed window and clear glazed fanlight;

2. LSC: clear glazed window and yellow LSC fanlight;

3. CG + LS: clear glazed window and clear glazed fanlight
with the light shelf in between;

4. LSC + LS: clear glazed window and yellow LSC fan-
light with the light shelf in between.

The analyzed fagade was exposed to south to record the
stronger effect due to direct solar radiation.

The scaled physical model has a clear glazed window
sized 1/8 of the floor area with a fanlight in which a clear
glass (CQG) and the yellow LSC sheet (LSC) are placed
alternatively. The first analysis was performed with these
facade configurations, whereas a second step of analysis
was performed with the addition of a light-shelf in the
two configurations, i.e. without yellow LSC installed
(CG + LS) and with LSC (LSC + LS). The model, open-
ings and light-shelf dimensions are resumed in Table 1.
The model is a 1:10 scaled model of the dimensions
reported.

Table 1
Measures of the office space used as test cell through a 1:10 scaled physical
model.

The experimental measures were performed with a spec-
trophotometer Konica Minolta CL 500A. The CL-500A
can be used not only for illuminance measurements but
also for spectral evaluation by using multiple sensors and
an optical grating. The sensor based detector allows
displaying spectral distribution in graphical form. Main

Dimensions Length (m) Width (m) Height (m)

Office space 5.0 4.0 3.0

Working plan - - 0.85

Indoor space surfaces features Ceiling Walls Floor

Reflective coefficient 0.7 0.5 0.3

Transparent window (clear glass) 2.0 - 1.2 Fig. 2. Scaled physical model of the office space with the clear glass facade

Fanlight (clear glass or LSC) 2.0 - 0.5 (CG) and internal view of the model with the yellow LSC fanlight (LSC).
. (For interpretation of the references to colour in this figure legend, the

Light-shelf 20 10 _ reader is referred to the web version of this article.)

Table 2

Specifications and error tolerances of the spectrophotometer CL-500A.

Specifications

Model Illuminance Spectrophotometer CL-500A

Illuminance meter class

Conforms to requirements for Class AA of JIS C 1609-11:2006 Illuminance meters Part 1: General

measuring instruments Conforms to DIN 5032 Part 7 Class B

Spectral wavelength range 360-780 nm

Output wavelength pitch 1 nm

Spectral bandwidth

Wavelength precision

Measuring range

Accuracy (Standard Illuminant A)

Visible-region relative spectral response
characteristics (f1’)

Approx. 10 nm (half bandwidth)

+0.3 nm (Median wavelength of 435.8 nm, 546.1 nm, and 585.3 nm as specified in JIS Z 8724
0.1 to 100,000 Ix (chromaticity display requires 5 Ix or more)

E, (illuminance):+2% =+ 1 digit of displayed value

Within 1.5% of spectral luminous efficiency V(1)




specification and tolerance of the measurement instrument
are collected in Table 2. Data recorded are processed by the
instrument standard data management software CL-S10w.
During the testing phase the spectrometer was located in
the geometric center of the physical model.

In Figs. 2 and 3 are shown the fagades configurations in
the experimental setup.

Results of the measures are resumed and collected in the
following Section 5.

5. Experimental measures on the physical scale model

Results in term of SPD, E and CCT were collected in
overcast sky conditions (O) and in sunny sky condition
(S) and compared to point out the variation on the light
operated by the yellow LSC integrated into the south
facade.

5.1. Experimental measures without light-shelf

Analyses in overcast conditions (i.e. CCT about 6500 K)
(Judd et al., 1964) show that the installation of the yellow

Fig. 3. Scaled physical model of the office space with the clear glass facade
(CG + LS) and internal view of the model with the yellow LSC fanlight
(LSC + LS). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

LSC reduces the illuminance level in the scaled model of
about 20% and the CCT of a 24%, i.e. the illuminance val-
ue goes from 1811 Ix to 1457 Ix and CCT decreases from
4493 K with the clear glass to 3307 K with the yellow
LSC. Therefore the integration of the yellow LSC makes
the light warmer producing a pleasant and stimulating
atmosphere with the CCT value ranging into the office space
suitable values. In Fig. 4 spectral power distribution are
plotted for the clear glass solution (CG) and the yellow
fanlight solution (LSC) are plotted.

In sunny sky conditions the integration of the yellow
LSC as fanlight allows an increase of the illuminance value
by 11% i.e. the illuminance value goes from 10249 Ix to
11499 Ix. The correlated color temperature decreases by
23%, from 4021 K (i.e. white light intermediate) to
3277 K (i.e. light warm white).

It is possible to underline as the integration of the yellow
LSC in the fanlight changes the color of the light towards
higher wavelengths with a major power near the 560 nm.

In sunny sky condition the improvement of illuminance
can be favorable however the daylighting levels of illumi-
nance provided greatly exceed the lighting needs. The most
significant advantage can be ascribed to the decrease of
CCT which can enhance the perceptual and visual comfort
(e.g. CCT for overcast sky is about 5500 K).

5.2. Experimental measures with light-shelf

To overcome the problem of the color spot in the office
space when direct radiation occurs (Fig. 1) a light-shelf was
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Fig. 6. Illuminance level £ and luminous efficacy K of the LSC yellow
plate installation in comparison with clear glass under overcast sky
condition (a) and sunny sky condition (b).

added to reflect the yellow light to the ceiling and enhance
the sunlight penetration into the room, shading the main
window at the same time, thus reducing glare problems.
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Fig. 7. Color rendering diagram of the scaled physical model with clear
glass (CG). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

From the previous figures of the model with and without
the yellow LSC sheet it is possible to appreciate that the
yellow light spot is avoided through the reflection operated
by the light-shelf (Fig. 3). The ceiling reflects the yellowish
light into the space and towards the back of the office
space.

In Fig. 5 the spectral power distributions of the clear
glass solution with the light-shelf (CG + LS) and of the
facade integrating the LSC as fanlight with the light-shelf
(LSC + LS) in overcast sky condition (O) and in sunny
sky condition (S) are plotted.

Under overcast conditions the introduction of the light
shelf is not strictly needed however this solution allows a
major uniformity in illuminance distribution into the space.
The situation with the light-shelf installed between the
main window and the clear or yellow LSC fanlight showed
no significant difference on illuminance level (i.e. a reduc-
tion of 0.2% with the LSC installation in comparison with
the clear glass) and a decrease of CCT by 17% (i.e. from
4103 K to 3409 K) warming the overcast sky daylight.

In sunny sky condition, compared to the case without
light-shelf, the addition of the shading system reduces the
illuminance values in the indoor space of a 10% for the



clear glazed solution whereas for the LSC solution the
reduction is about 17%. The improvement of the illumi-
nance level between the clear glazed solution and the
LSC integrated solution is confirmed however reduced to
a 3%. The correlated color temperature changes for these
two solutions from 3792 K (i.e. white light intermediate)
to 3094 K (i.e. warm light) as in the previous case, with a
reduction by 23%.

5.3. Comments on luminous efficacy

Evaluations on spectral luminous efficacy K defined as
the ratio of luminous flux @, [Im] to radiant spectral flux
@, [W], showed however that the yellow LSC installation
(LSC, LSC + LS) produce a better result in comparison
with the clear glass solution (CG, CG + LS) (i.e. an incre-
ment of 6% in overcast condition and 8% in sunny condi-
tions) due to the visibility spectral factor V(1) of the light
incoming into the indoor space which is improved by the
spectral shifting operated by the LSC component (see
Fig. 6).

Furthermore in sunny conditions it is possible to exploit
daylighting to reduce electricity needs for artificial lighting
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Fig. 8. Color rendering diagram of the scaled physical model with LSC
integration (LSC). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

whereas in overcast conditions the use of artificial light is
often mandatory to reach the illuminance levels required
to perform the visual task.

5.4. Experimental measures on color rendering index
in sunny sky condition

In sunny sky condition, when direct radiation is prepon-
derant and the effect of the color of the yellow LSC is rele-
vant and can be critical, a focus on color rendering index
was performed.

As results it can be underlined as in the model configura-
tion without the light-shelf, the general color render index
of the incoming light is reduced by 7% with a value of 90
for the model with LSC integration. The general color ren-
der index with the LSC integration is however compatible
with the visual task requirements (Table 2). Nevertheless it
should be noted that in the picture (Fig. 2) of the physical
model with the LSC fanlight where the yellow spot inside
the indoor space occurs the visual task can be affect leading
to critical values of the R,.

The color rendering diagrams for the CG and LSC con-
figurations are shown in Figs. 7 and 8.
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Fig. 9. Color rendering diagram of the light into the scaled physical model
with clear glass and light-shelf (CG + LS). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 10. Color rendering diagram of the light into the scaled physical
model with LSC integration and light-shelf (LSC + LS). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Adding the light-shelf to the glazed facade, the mix of
light created by the incoming light from the glazed window
and the yellow LSC fanlight changes some special color
rendering indexes (Rl to R15) although the general color
rendering index value R, is 88. Some colors as the red, blue
and yellow have values reduced to 80, however compatible
with common visual task (Table 2) not strictly related to
detailed color identification. The diagrams of color render-
ing index for the two solutions are shown in Fig. 9
(CG + LS) and Fig. 10 (LSC + LS).

6. Discussion and conclusion

The LSC integration in the building envelope can be
useful to produce electricity (Earp et al., 2004; Dienel
et al., 2010; Friedman, 1980; Batchelder et al., 1981) and
to characterize the envelope through the language of color
in the transparent surfaces. Nevertheless the use of color in
architecture has to be correctly evaluated because of its
potential to change the visual comfort parameters to per-
form visual task concerned. The yellow LSC component
developed by ENI Donegani Institute shifts the light spec-
trum nearest to the eye visual peak sensitivity wavelength

and, when integrated into a glazed facade, affects the
incoming light lowering, as mean valuable effect, the corre-
lated color temperature warming the light inside the space
producing a stimulating effect (Cuttle and Boyce, 1988;
Davis and Ginthner, 1990), a pleasant perception and a
mood of relaxing comfort (Vienot et al., 2009; Noguchi and
Sakaguchi, 1999). Furthermore the efficacy of the incoming
luminous flux, i.e. how many lumen are related to the
incident radiant flux () is enhanced by the presence of the
LSC component with an improvement by 6-8% in every sky
condition. Moreover, in sunny sky condition an
improvement of illuminance level when direct solar radia-
tion is predominant has been registered. In this condition,
however, the illuminance level is high and colored light
spots can occur compromising the color rendering of the
objects if located in correspondence of the spots. This
problem does not happen in overcast sky condition and
in any case it can be avoided using sun shading systems
to reflect the direct light (e.g. with a light-shelf installation)
(Lim et al., 2012). To describe in detail potential issues
about visual comfort parameters in the most critical situa-
tion, assessment on color rendering index of the light in
sunny sky condition have been carried out highlighting that
the performance of the yellow LSC component does not
change the light up to incompatible values complaining
instead the European standard requirement. These results
can suggest that the LSC integration is compatible and
advantageous in term of visual comfort, however further
studies will be carried out on the integration of the LSC
in different orientations and portions of the glazed fagade,
to find sizing thresholds to optimize the effects underlined.
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