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12 Abstract :
13 This paper focuses on the part of Tubular Daylight Guide Systems (TDGS): the Mirrored Light-
14 Pipe (MLP). MLP is part of the multiple specular reflection conveyors. They allow daylight to be

15  transported and distributed in dark rooms far from traditional openings while limiting heat

16  transmission. It involves collecting, concentrating, and diffusing sunlight using a dome placed on the

17 roof. It is then conveyed through a highly reflective tube and diffused into a building's room using a

18 diffuser.

19 Previous work (Malet-Damour et al., 2017, 2016) has shown that it was necessary to identify and

20

study the climate in which the light pipe will be installed. A state-of-theart of experimental and

21 numerical results was conducted over the period from1990 to 2019. It revealed that the behavior of the
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environment.

light pipe depends strongly on the indoor (area to be illuminated) and outdoor (meteorology)

This paper presents the experimental observations of studies conducted from 2013 to 2015 on
Mirrored Light-Pipe in Reunion Island. The climate in which the experiment was undertaken is
presented with a focus on illuminance. In 2019, this study is the only one analyzing the performance of
the light pipe in extreme situations of extreme sunlight conditions (maximum global illuminance of
around 200 Klux). Experimental results based on various scenarios quantified the impact of the
reflection coefficient of the area to be illuminated, the presence of an anticyclonic dome, the type of sky

or the ideal position of a sub-dome deflector. The results are very encouraging.
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Nomenclature

TTDGs Transmission coefficient of the light pipe [-]
pLp Internal reflectivity coefficient [-]
Prmoy Average reflection coefficient of the walls test cell’s [-]
prv Wall reflection coefficient [-]
Ap Aspect ratio, ratio between length L and diameter D of the light pipe [
Ai Reference of luxmeters position's inside the test cell [-]
D Euclidean distance (diffuser - point to illuminate) [m]
DPF Daylight Penetration Factor, ratio between indoor and outdoor illuminance [-]
H Vertical height of the diffuser [m]
ke Brightness index [-]

1. Introduction

Nowadays, due to climatic and energetic concerns, it is crucial to building sector to provide
many solutions. The challenge is to limit the impact of buildings on energy consumption even more so
greenhouse gas emissions which are responsible for global warming. That is why, it is essential to
conduct investigations of passive lighting systems to use natural lighting as possible, to increase both
visual and thermal comfort in buildings, and therefore help to reduce both light and HVAC energy use.
From a health standpoint, artificial lighting tends to suppress melatonin production, thus ensuring
increased vigilance and therefore, an improvement in work performance. The harmful effect is
occupants cannot be in a serene surrounding. The intake of daylighting can balance this trend by
ensuring a space of qualities both in production and in the occupant’s welfare. In 1986, in Australia
appeared the first innovative device in daylighting: the highly reflective light pipe, commonly known as
MLP, for Mirrored Light Pipe. This technology seems to respond to energetic and health criteria. Light
pipe allows daylight to be transported and distributed in dark rooms far from traditional openings. They

offer the advantage of minimizing light loss while limiting heat transmission.
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The behavior of a light pipe can be affected by 3 intrinsic factors and 1 external factor: (i) the
collection of daylight (via the collector) (ii) transmission (via the tube), (iii) diffusion (via the diffuser and
the area to be illuminated) and (iv) the environment (weather conditions, solar geometry, masks).

Light pipe has attracted considerable interest for nearly 30 years. Thanks to the beneficial effects
they provide: reduction in energy consumption, quality of transmitted light, limitation of heat input or,
architectural interests. In 1990, Tubular Daylight Guide Systems (TDGS) were judged by Littlefair as the
most innovative technology in daylighting (Littlefair, 1990). Many experimental and numerical studies
have been carried out to understand the device better. As experience can guide modeling, we conduct a
literature review from 1990 to the present by targeting discovery points. The objective is to take stock of
experimental knowledge about the light pipe and contribute to the understanding.

1.1 Overall efficiency of the light pipes and energy-saving potential

In 1997, Shao (Shao et al., 1997) presented an experimental study on the performance of light
pipe in the United Kingdom during the winter season. They showed that the potential for energy saving
is nearly 30 %, and can even increase significantly in the summer period thanks to day length.

Oakley continued the study by highlight the performance of 6 light pipes installed in 3 different
areas (store, office, and housing) in Leicestershire, England (Oakley et al., 2000). The results showed
that the most effective light pipe is straight, short with a low aspect ratio Ap. The author has noted that
if the diameter increases, the device will probably be more efficient. It also highlights the impact of the
light pipe on the energy savings achieved. For example, for an office which required lighting level (300
lux), it could be provided whole of the day by the light pipe. Oakley also pointed out that the device
affects user satisfaction with the visual comfort that creates a healthier environment.

Based on a coupling of light pipe and artificial lighting (LED), Ji (Ji et al., 2016) studied and
improved by simulation, an underground car park at Dalian Nationalities University of China. The
author showed that the hybrid lighting system allows an annual energy saving of 60.4 %.

The same year, MaletDamour (Malet-Damour et al., 2016) proposed to compare the
performance of the light pipe to traditional artificial lighting. It was noted that in a clear sky, the light

pipe could deliver the equivalent of 10 incandescent bulbs or 5 compact fluorescent bulbs. The light
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pipe provides an energy savings of 560 Wh, where artificial lighting is only be used 43% of the time (for
a halogen bulb of 70 W).

Other studies have also shown the potential of light pipe (Li et al., 2010; Samuhatananon et al.,
2011; Su et al., 2012; Thakkar, 2013; Wu and Li, 2012).

1.2 Parameters related to the illuminated area: colors and dimensions

The wall colors have a notable impact on light distribution due to reflection phenomena.
Indeed, the better the reflection coefficient, the higher the number of reflection of incoming light ray
(Descartes law), the better light distribution.

This observation allows to adapt the configuration of the room to limit sunspot or dark zone
inside, and improved light distribution on the whole workplane. Opposite, dark colors increase the
absorption coefficient.

In 1997, Shao (Shao et al., 1997) studied the performance of a light pipe under overcast or clear
skies. He showed that the color of the walls of the illuminated area had a substantial effect on the
internal illuminance. As a comparative element, he defined the ratio of indoor to global outdoor
illuminance. For a white room, this ratio is on average 14 % (under overcast conditions). For black walls
and the same weather conditions, this ratio can be as high as 4 %. A ratio of 7 % for white walls versus 2
% for black walls is also announced for clear sky conditions.

This trend is verified in a parametric analysis conducted by Zhang in 2002 (Zhang, 2002) but
remains very limited. Indeed, using the DPF model as also described in (MaletDamour et al., 2016),
Zhang specified that its influence does not exceed more than 5 % in the indoor lighting balance.

In 2006, Chella (Chella et al., 2006) proposed a comparative study between the results of
numerical and experimental analysis (reduced scale with an artificial sky) for different wall reflectivities
(light and dark). The software used for this study were ADELINE 3.0 (International Energy Agency,
2002), ENERGY PLUS (DOE et al,, 2016) and ECOTECT (Autodesk, 2008). The authors also
considered 2 types of sky: clear and overcast. For a clear sky, Chella showed that indoor reflected

component has an impact ranging from 19.4 % to 37.8 % (depending on the position in the place).
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As for the geometric aspect, Zhang (Zhang et al., 2002) showed that the performance of the
tubular device depends strongly on (i) the Euclidean distance D and (ii) the vertical height of the
diffuser H. The author demonstrated that in reallife situations, the diffuser of the light pipe reacts more
like a point source than a finite surface. The illumination achieved inside the room is proportional to
(H/D)"? and inversely proportional to D? (Bouguer’s law).

1.3 Parameters related to the light pipe

In this section, it was noted in the literature that parameters relatives to the light pipe have a
notable impact on the quality or quantity of transmitted light. The light pipe could be considered as a
black box with several parameters which can affect the light collection, distribution, and quality. Among
them (i) the position and inclination of the collector (ii) the presence of dome deflector (iii) the type of
surface for the tube straight or elbowed and (iv) the nature of diffuser has been studied since 2002.

1.3.1  Impact of the position and orientation of the collector and its shape

In 2008, Wu (Wu et al., 2008) conducted an experimental analysis of the performance of 1
lateral and 2 zenithal light pipes. Measurements were taken at the same time for each process under real
weather conditions (sunny winter day in Beijing, China). If no masks obstruct access to daylight, the
results showed that the lateral light pipe offers better results than the zenithal device. A similar study
carried out by Duc Hien showed the efficiency of a collector placed on the facade was also (Duc Hien
and Chirarattananon, 2009).

In 2012, Kocifaj (Kocifaj et al.,, 2012) published a study demonstrating the optimal
configuration to take advantage of the nominal efficiency of a bent light pipe. It specifies that maximum
efficiency is achieved when the collector is oriented towards the solar path and pointed towards the sun.
It showed that straight pipe with horizontal collectors is less efficient than a light pipe with a collector
inclined towards the sun for clear skies. However, in cloudy skies, the straight pipe captures more of the
celestial illuminance.

Sharma (Sharma et al., 2018), with a numerical analysis, studied the optimal geometric shape of
the collector. The study showed that a 6° angle of inclination in the lower part of the collector increases

the performance of the device.
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1.3.2  Impact of a deflector in the collector

Additional accessories, as light deflector associated with the light collection, increase light
capture and significantly improve the efficiency of the light pipe. Azad (Azad and Rakshit, 2018)
highlighted the impact of this process on the performance of the light pipe in India. He showed that
changing the position of the light deflector can improve the efficiency of the device by more than 2 %.

1.3.3  Link between the light spectrum and the colors of the transmitted light

The light intensity of a source influences the qualitative perception of ambiances. However, the
color of the light delivered has an essential aspect. It is generally assumed that the spectral variations
generated by MLP devices do not affect the color of the transmitted light. In 2014, Nilsson (Nilsson et
al., 2014) studied and confirmed this hypothesis using spectrophotometer measurements and numerical
study for direct and diffuse illuminance. It should be noted that the author ignored the collection and
diffusion mechanism. The MLP appears to have achromatic properties.

1.3.4  Impact of optical and geometric parameters of the light pipe

In 1998, Shao (Shao et al., 1998) studied the performance of light pipe installed in a dozen
buildings in the United Kingdom. The performance of the devices was evaluated for 4 types of
buildings. The light pipe all had a moderate aspect ratio Ap, and allowed indoor illuminance greater
than 450 lux, with a DPF of about 1 %. It is reduced by 0.1 % in the case of a thin and long pipe with
an elbow. The author concluded that large diameter pipe should be used as often as possible.

A few years later, Ellis (Ellis et al., 2004) showed the influence of the aspect ratio Ap on the
transmission coefficient Trpgs for several light pipe reflectivities. Indeed, in his intersoftware
comparative study (ENERGY PLUS (DOE et al., 2016) VS. FSEC (McCluney, 2003)), he found that the
increase in the aspect ratio causes an exponential drop in transmittance. For example, for a pip
reflectivity of 98 %, the transmission coefficient increases from 96 % (Ap=2) to 88 % (Ap=8). The
decrease is all the more significant as the reflectivity of the pipe decreases: at pip = 92 %, for an Ap going
from 2 to 8, the variation of the transmission coefficient amounts to more than 27 %. Ellis showed that

the length of the pipe mainly influences the aspect ratio.
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For a given solar altitude and brightness index, the square radius of the tube affects the amount
of incoming light. Also, the aspect ratio of the light pipe and the solar altitude influence the
transmittance of the device (Zhang et al., 2002).

Marikova's study could support the conclusion of Ellis. The author surveyed MLP straight light
pipe (Manikova et al., 2009). He showed the impact of geometric and optical parameters (diameter,
length of the pipe, reflectivity) on the light transmission efficiency numerically. Under direct
illuminance (clear sky type), as the diameter of the tube increases, the efficiency of the device increases
logarithmically. Thus, tube diameter of 20 cm generates a transmission coefficient Trpgs of 80 %
compared to 87.5 % for a pipe of 80 cm. Also, when the reflectivity pp increases, the efficiency increases
linearly (Trpgs = 71.5 % for a tube with a pp of 94 %, against 92 % for a reflectivity of 99 %).

On the other hand, the increase in the length of the pipe leads to an exponential decrease in
luminous efficacy. A 1.0 m long tube results in a transmission coefficient Trpgs of 89 % compared to 58
% for a pipe length of 5.0 m. The observation remained the same for diffuse illuminance (overcast sky),
but less pronounced than for direct part. Marikova specified that these results are validated for the type
of pipe studied and can evolve according to the reflectivity of the tube.

1.3.5 Impact of elbows of the light pipe

Based on straight and curved pipes (with a single elbow) and for elliptical or rectangular
sections, Gupta (Gupta et al., 2001) have numerically studied this problem. He performed a ray-tracing
simulation with variations in the radius of curvature. Gupta found that light propagation within the
tube is concentrated in the central part for a straight section while it is predominant on the inner
periphery for a section with an elbow.

In 2002, Carter (Carter, 2002) set up a study allowing him to compare experimental (in situ and
laboratory) and predicted data for the performance of different light pipe configurations. Carter found
that an elbow with an angle of O to 30 ° results in a loss of efficiency of nearly 20 % (at 30 °, -20 %).
Between 30 ° and 90 °, the decrease in efficiency is smaller (about 5 % from 30 ° to 90 °).

The same year, Zhang (Zhang, 2002) showed that the light loss associated with the use of a 30 °

bend was 20 % under overcast conditions. Similarly, Jenkins and Muneer (Jenkins and Muneer, 2004)
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conducted a sensitivity analysis on the use of bent light pipe for 30 °, 60 °, and 90 ° inclinations. They
found a slight difference in performance between these devices. They deduced an exponential
relationship reflecting the losses associated with the transfer within the elbows.

In 2005, to model the performance of a light pipe, Jenkins (Jenkins et al., 2005) continued their
study on the impact of elbows. He deduced a ratio of equivalence between the singular light loss caused
by an elbow and the linear light loss of a straight pipe. Using experimental measurements on bends
from 5 ° to 75 °, Jenkins proposed an equation to calculate the percentage loss for curves at the same
angle. The year before, Van Derfolske and Hough (Van Derlofske and Hough, 2004) also studied the
impact of elbows on light transmission through the light pipe. They found that a 50 ° bend results in a
loss of flux of nearly 50 % while two 25 ° bends result in a loss of only 36 % of the luminous flux. The
ratio between the bending and the light loss is not linear.

The CIE report (CIE, 2006) on the efficiency of light pipes recommended the use of a standard
1.0 m long tube and the measurement of incoming and outgoing light fluxes. In this report, the experts
used fluorescent lamps mounted on panels incorporating a sphere and 2 pipes connected by an elbow.
Several elbow angles were selected for the study (0 °, 30 °, 60 °, 90 °, 2x30 °, and 2x90 °).

Su (Su et al,, 2012) conducted an experimental study on commercial light pipes under real
climatic conditions contradicting previous results. The experimental results showed that, at equal
dimensions, the luminous flux at the exit of the curved light pipes is higher than the straight pipes for
clear sky conditions. The results are confirmed numerically. The number of hours of illuminance
accumulated between a straight and curved pipe also varies. The bent pipe is more efficient for luminous
fluxes greater than 2000 Im. Below this value, the straight and curved pipes are equal.

1.3.6  Impact of the shape of the diffuser and diffusing surface

Zhang (Zhang et al., 2002) tested the impact of the type of diffuser on the evolution of the DPF.
To do this, the author experimented with a straight diffuser and a curved diffuser. He noted that the
DPF reached with the flat diffuser is higher than that achieved with the curved diffuser.

In 2008, Wu (Wu et al., 2008) experimentally studied 2 types of diffusers: a prismatic diffuser

(diamond type) and an translucent diffuser (snow type). Experimental data showed that the light pipe
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equipped with the translucent diffuser achieves better performance than the device with the prismatic
diffuser.

A study similar to that of Wu was also conducted by Baroncini (Baroncini et al., 2010). He
tested 2 types of polycarbonate diffusers, one characterized by a prismatic geometry, the other
characterized by a radial geometry, but completely transparent in the center. The conclusions were the
same as those of Wu.

Kennedy (Kennedy and O’Rourke, 2015) proposed and tested a new form of vertical light pipe
containing lateral openings serving several levels of a building.
1.3.7  Impact on thermal comfort conditions

Williams (Williams and Dorville, 2014) experimentally studied the thermal performance of light
pipe in a seminar room located in Beijing, China. The results showed that a significant temperature
gradient during the day could increase energy consumption to maintain a temperature of 25 °C. Indeed,
in clear sky, the diffuser temperature was 6.68 °C higher than the ambient temperature, and the
collector nearly 4.45 °C warmer than the diffuser. At night, the author showed that the light pipe
behaves like a thermal bridge because the temperature of the dome is always lower than the diffuser
temperature and the room temperature at night.

1.4 Parameters related to the environment of the light pipe

1.4.1 Impact of outdoor illuminance level and seasonality

The behavior of a daylighting device depends naturally on solar radiation. Callow (Callow,
2003), during this thesis, achieved a parametric analysis of the performance of light pipes. His
measurements were made in Nottingham and Singapore, and allowed to develop models for evaluating
the effectiveness of light pipes. He concluded that the efficiency of the light pipe was not always
proportional to the external illuminance.

A few years later, Li (Li et al., 2010) continued the analysis, and experimentally studied the
performance of straight light pipes equipped with sensors inside positioned according to different radii

of a circle. It showed that the transmittance of the device is not a constant value for a given pipe. It
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varies according to the amount of external illuminance. In this case, device efficiency (defining by the
ratio between the outgoing and incoming luminous flux) ranged between 0.14 and 0.27.

Two years later, Kocifaj (Kocifaj et al., 2012) confirmed these results and showed the effect of
seasonality on the behavior of the light pipe. In summer, the average luminous flux under the light pipe
elbowed is only slightly higher than the luminous flux with a straight tube. In spring and autumn, it
increases. For temperate climates, the author has also concluded that the devices transmit more light if
they are curved.

Based on experimental data, Vasilakopoulou (Vasilakopoulou et al., 2017) analyzed the spatial
and temporal variability of indoor lighting using clustering techniques. There is an exponential
relationship between average and maximum indoor and outdoor illuminance levels.

1.4.2 Impact of solar altitude, sky brightness index and angle of incidence of the
incoming beam

Zhang (Zhang et al., 2002; Zhang and Muneer, 2000) and Carter (Carter, 2002) experimentally
studied the impact of solar altitude on the transmittance of the device. This meteorological parameter
modifies the number of inter-reflections within the tube. As the solar altitude increases, the number of
inter-reflections decreases, resulting in better transmittance. Wu (Wu et al., 2008) considered that solar
altitude is the main factor affecting the performance of the light pipe. He concluded that the light
distribution in a clear sky is asymmetrical and depends on the position of the sun. Zhang also pointed
out that the brightness index kt and solar azimuth can also affect indoor daytime illuminance,
depending on the light pipe configuration (confirmed by (Darula et al., 2010)). In the tropics, the
luminous efficiency of the light pipes is better due to the predominant high solar altitude and long
sunshine duration. On the other hand, in temperate climates, and particularly in winter, these 2
parameters do not make possible to take advantage of the performance of a light pipe, although
necessary during this period (Darula et al., 2010).

Hansen (Garcia Hansen et al., 2009) showed that solar altitude impacts the angle of incidence
of incoming rays. The light loss in a tube is related to the multitude of reflections that the wave

undergoes. Consequently, a light beam with the most significant angle of incidence minimizes the
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number of reflections and thus improves the performance of an MLP device. There are 2 solutions to
achieve this objective: (i) expand the system components or (ii) improve the collection system. This
finding was confirmed by Darula (Darula et al., 2010). Edmonds (Edmonds, 2010) also discussed
another aspect of the impact of the angle of incidence of penetrating rays. The variation of this angle has
a significant impact on the efficiency of the light pipe that can be related to the angular dependence of
the reflectivity on the Fresnel surface (perfect smooth mirror). The trend is verified and confirmed
through Swift's study (Swift, 2010). It showed that the transmittance of the light pipe decreases
significantly during months when the incidence angles of penetrating rays are low (winter).

Few years later, Vasilakopoulou (Vasilakopoulou et al.,, 2017) used a statistical approach
(clustering analysis) to confirm the existence of a correlation between the overall transmittance of the
light pipe, the solar azimuth and the solar altitude in clear sky.

In 2018, Tsang (Tsang et al., 2018) confirmed Edmonds and Swift results by also specifying that
light transmission is a monotonous function of solar altitude, except for low angles (winter, beginning,
and end of the day).

1.4.3  Dissociate direct and diffuse illuminance

As we have seen in the last section, the type of sky has a notable impact on light distribution.
Consequently, it is necessary to decompose the direct (significant in clear sky) and diffuse (major in an
overcast sky) illuminance.

In 2009, Mohelnikova (Mohelnikova, 2009) conducted a study on a straight light pipe. It
showed that the luminous flux at the diffuser outlet and the distribution of illuminance under the
diffuser is uniform and symmetrical when the sky is overcast. In clear skies, this distribution is not
directly uniform.

Two vyears late, Lo Verso (Lo Verso et al., 2011) showed with simulations under SkyVision that
it is more accurate to decompose light (direct and diffuse). He justified it by means of an experiment on
a Mirrored Light Pipe for 2 types of sky (overcast and clear).

The distinction between clear ad overcast skies can be made by the solar altitude whose the

influence in the clear sky is notable. Oh (Oh et al., 2013) showed using a diagram "Candela power
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distribution curve - CDC" that the light distribution of the light pipe is directly related to the solar
altitude. He concludes that the light pipe uses all the components of daylight (diffuse and direct), but
that direct light influences the light distribution.

1.4.4 Impact of condensation and dust

Dust and condensation that may form in light pipes can affect their performance. Wu (Wu et
al., 2012) experimentally studied this link by measuring the transmitted luminous flux under 3 different
conditions (cleanliness, dust, and condensation) and for clear and overcast sky conditions. The results
showed that dust has a more significant impact on the performance of the device than condensation. In
clear skies, condensation reduces transmission by 6.37 % compared to 15.31 % for dust. In overcast
conditions, the cleanliness of the dome results in a reduction of 24.05 % compared to 17.2 % for
condensation.

1.5 Variability of all parameters

In 1995, Swift and Smith (Swift and Smith, 1995) studied the links between the design and
material parameters for a circular MLP device. They calculated the transmission coefficient precisely by
using an optical analysis of the propagation of light rays along a tube. The authors derived an equation
involving the reflectivity of the pipe, aspect ratio, and angle of incidence of incoming rays. This study
clearly showed that the performance of the light pipe depends on many parameters, which can
themselves vary considerably.

1.6 Originality of the paper

Table 1 summarizes all the studies identified from 1990 to 2019 and classified by theme.

All the studies reviewed were conducted under temperate or continental climatic conditions in
the Northern Hemisphere. These experimental conditions made it possible to evaluate the behavior of
the light pipes for nominal illuminance levels of around 100 Klux in clear sky. This paper presents the
only experimental data in the southern hemisphere (different solar path) and for extreme sunlight
conditions. In these climatic conditions, we come to refute, confirm, and bring a new perspective on the
behavior of the Mirrored Light Pipe. We demonstrated the close link between the type of sky, the solar

path, the indoor light distribution, and the lighting levels achieved. We also showed that the energy-
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saving potential generated by the light pipe in tropical environments and associated with different colors
of the area to be illuminated. We also proposed an experimental analysis of the interest of a solar
concentrator placed in the dome of the device. We have also evaluated the impact on indoor lighting of
a mandatory device in cyclonic areas of the globe: the anticyclonic sub-dome.

All these results offer an additional step forward in the understanding of the behavior of the
Mirrored Tubular Daylight Guide Systems and contribute to the enhancement of this technology.
2. Materials and methods

As seen in the previous review, it is necessary to study the light pipe environments to
understand their behavior. Reunion Island is very particular due to his intense solar irradiation, that is
why, we choose to set up experimentation to verify and validate observations from the literature.

2.1 Experiment set-up

The measurements are carried out on an experimental cell, called LGI (Miranville, 2002), and
located in Saint-Pierre, Reunion Island. The arrangement of the empirical support has been made
considering the sun's path and promoting an orientation without obstacles to the wind. The LGI is
oriented North/North-West (9° N). Representing a small building of 9 m2, it consists of vertical opaque
walls made of composite panels, a glass door (north facade), a blind (hidden) and a horizontal ceiling.
The dimensions are described in Figure 1. The sloping roof (20 °) is made of corrugated night blue sheet
metal. A Mirrored Light Pipe (SOLATUBE®) has been installed in the roof plane and is curved to
ensure the horizontality of the diffuser. The walls of the device have an internal reflection coefficient of
99.7 %. An impact study revealed that the far-mask effect was negligible.

2.2 Measurement and data acquisition

Daylight measurements are collected from AHLBORN type devices with their central data
acquisition systems. These devices are synchronized with each other and record at the time step of a
minute. The indoor illuminance is measured from 9 luxmeters, positioned as shown in Figure 2 so that
each sensor is located on a circle of different diameter whose center is AO. The workplane is fixed at 10
cm from the ground. The external luxmeters are used to measure global and diffuse illuminance (Figure

3). The measurement of diffuse illuminance is ensured by the shadow ring designed in the laboratory,
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called SHADECO. The procedure of conception and validation of this device is described in (Malet-
Damour et al., 2018).

The test cell was adapted to correspond to each experimental scenario. By measuring indoor and
outdoor illuminances, it was tried to confirmed or refuted the findings reviews about the influence of
the type of sky on light distribution in the southern hemisphere. That is why the wall colors have been
colored to black (deleted the reflection part of diffusing light). Also, by changing wall colors, it was
possible to understand the impact of this parameter (the reflection coefficient) on the light level. Other
scenarios were conducted to quantify the effects of 2 devices used to improve light collection (changing
the position of a reflector in the dome) or to protect the light pipe (anticyclonic sub-dome).

All experimental scenarios were synthesized in Table 2.

3. Results and discussion

3.1 Solar deposit of climate study

We carry out a brief climatic analysis of the environment in which the light pipe is positioned.
The objective is to understand the solar potential of the city of Saint Pierre, Reunion Island. We seek to
discern the annual evolution of the global outdoor illuminance measured with an external luxmeter.

Figure 4 highlights a significant seasonality in global illuminance corresponding substantially to
the seasons present in Reunion Island. The southern summer extends from November to April. This is
the period when the solar deposit is most abundant. The days are longer, with a maximum illuminance
frequently between 150 Klux and 200 Klux (in clear sky), and the beginning and end of the day close to
50 to 75 Klux.

The southern winter, from May to October, is the period when the maximum illuminance is
around 100 to 125 Klux. The days are shorter. Mornings and ends of the days provide less than 75 Klux
of light. The trend changes as early as August when the days recover from hours of sunshine.

Seasonality does not seem to be properly related to the lighting needs. Indeed, a system using
daylight within a building will offer significant efficiency from September to April, and less for the rest
of the year.

3.2 Impact of sky type on light distribution
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The objective was to see the impact of the type of sky on the light distribution within the room
(see Table 2, scenario N°1). All the inner walls of the cell are covered with a black wallpaper (reflection
coefficient close to 0.05). The objective is to eliminate factors that can influence the light distribution
within the room. The part of the internal reflections being negligible, the light pipe is then the only light
source in the room (Figure 5).

The day of September 23, 2014 presents a clear sky with a maximum global outdoor
illuminance of 120 Klux. The contribution of the celestial vault is less than 17 Klux (see Figure 6). These
conditions are typical of sunny conditions for a clear day in winter on Reunion Island.

Under the diffuser (AQ), we notice that the maximum values for indoor illuminance are not at

solar midday (marked by a vertical blue dotted line). When the global outdoor illuminance reaches its
maximum during the day, the light pipe does not generate an illuminance that can be considered as a
maximum in the area. Indeed, we can see that at this same time, the Al sensor has illuminance values
close to 600 lux. The other sensors do not seem to show any particular event.
Overall, if we refer to the hourly evolution of the illuminance for each instrument, we see between 1
and 2 unsynchronized peaks of illuminance appear during the day. These events are localized. Their
evolution is linked to time and space. We assume that these are "sunspots" depending on the position of
the Sun.

The distribution of illuminance on the ground within the room is presented for different hours
(Figure 7). This mode of representation is commonly used in lighting thanks to the ease with which a
light distribution can be imaged on a work surface.

We select representative hours, where the indoor illuminance is important enough to allow us
to observe a phenomenon. At 9:00 am, the average illuminance is about 150 lux, and the light
distribution appears to be angularly uniform. In the following hours, the distribution no longer seems to
follow Lambert's law because the maximum illuminances change position over time. At 11:00 am in
particular, the maximum illuminance is located southeast while the Sun is oriented northeast. When the
Sun is in the axis of the light pipe (due North), the distribution seems to refocus around the central

point (under the diffuser in AQO). The following hour we notice an opposite position to the 11:00 am
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event: the maximum illuminance is located South-West while the Sun is located in the North-West axis.
The following hours resemble the first hours of the day by not marking any particular orientation in the
distribution of indoor illuminance.

In all likelihood, the position of the Sun impacts the light distribution, and more precisely,
direct illuminance does not follow the law of logical diffusion because the source moves during the day.

Visually, we can confirm these results. Figure 8 shows solar bands marked by more intense
illuminance. If a light band is positioned on one of the sensors, it will detect high illuminance without
the phenomenon being visible through the other instruments. Unlike Baroncini's findings (Baroncini et
al.,, 2010), these pictures clearly shows that the diffuser does not allow a distribution according to
Lambert's law. Maybe these solar bands are not high enough to be visible under lower solar irradiation.

To conclude, direct lighting is not distributed rigorously throughout the room. It is localized
and generates light bands with high illuminance levels. In a global approach, the phenomenon observed
being localized, it would be necessary to consider the global impact of these "sunspots".

We are now looking to visualize the photometric phenomena for an overcast day (November 30,
2014). As can be seen in Figure 9, the global outdoor illuminance follows the trend of diffuse part. A
maximum illuminance is recorded at 10:00 am and may correspond to a partial clearing of the clouds.
Otherwise, the outdoor global and diffuse illuminances are around 50 Klux between 9:30 am and 2:30
pm.

As the direct outdoor illuminance is close to zero, we notice that the time evolution at each
measurement point is similar (Figure 9). To justify this observation, we focus on an event (marked by a
red dotted vertical line). This event could correspond to the passage of a denser cloud. It is reflected
inside the cell at the same time. We find that the further away the measurement point is far from the
diffuser, the more the illuminance decreases proportionally. This behavior suggests a distribution from
an orthotropic light source.

Overall, we notice that in overcast skies, the daily evolution of indoor and outdoor illuminances

correctly follows the same progression.
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Using the same methodology as for clear sky, we plot the evolution of light distribution within
the room for different hours (Figure 10). In the configuration of an overcast sky, the illuminance levels
achieved are much lower than those obtained in clear sky. The average deviation under the diffuser is
close to 200 lux.

During the hours of the day, the illuminance distribution does not change. At 9:00 am, the
illuminance in the center of the room increases (200 lux), then decreases in the following hours to
increase again at 1:00 pm. Overall, we confirm the observation made in the previous curves: the
luminance increases, but remains stable according to the direction of emission: the illuminance
distribution follows Lambert's law.

In conclusion, the light pipe can be considered as a black box that reflects the input/output
load, with one inversion. In this way, the diffusion within the room can be uniform in an overcast sky,
and directional in a clear sky in extreme solar irradiation environments.

3.3 Impact of the color of the area to be illuminated: evaluation of the energy-saving

potential

This study consists of varying the colors of the interior walls of the area to be illuminated and
understanding their impact on indoor lighting and artificial lighting autonomy (see Table 2, scenarios
N°1l to 5). We will use the average reflection coefficient to compare the different situations. This
parameter is calculated retain proportion to the surfaces of each color. We assume that the reflection
coefficients of the walls are constant and known: (i) white wall reflection coefficient: (ii) black wall
reflection coefficient: (iii) grey wall reflection coefficient: .

In this way, Table 2 shows the values of this parameter according to the experimental scenarios.

To take into account the impact of this parameter on the energy autonomy of the room, we
consider the room as an office which required a minimum lighting level of 200 lux (according to the
European standard EN 12 464-1). That's why we calculate the percentage of time the lighting level is
higher than needed.

Our reference will be scenario N°5 (5 white walls and 1 grey wall). We will compare events from

one year to another. The reference case data cover the years 2013 and 2014, while the other scenarios
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were conducted from 2014 to 2015. By comparing the same dates for different years, we are assured that
the solar path is theoretically similar. Thus, the solar altitude and azimuth can deviate from the
influential parameters. We will use an hourly ratio of the average indoor illuminance (average of the
hourly illuminance recorded by the indoor luxmeters) to the outdoor global illuminance. This ratio gives
a general trend in the time evolution of illuminance in terms of usefulness, which excludes the impact
of direct part on the light distribution within the room. We select days with similar outdoor global
illuminance profiles from one year to the next.

Comparison of scenarios N°1 and 5

The days of November 21, 2013 and November 21, 2014 are clear sky days (Figure 11). The
hourly profile of outdoor global illuminance from one year to another is similar with a maximum
illuminance of around 131 Klux. The patterns of the ratios are related to a close coefficient: the part
with the highest reflection coefficient has the highest rate. Indeed, by increasing the average reflection
coefficient from 0.05 to 0.699, we increase the average indoor illuminance by 47 % on average. When
the cell has its black walls, the light pipe allows autonomy in lighting nearly 3 % of the time compared
to 37 % for the case study N°5. This means that 3 % of the time we are above 200 lux, the minimum
required level. As a result, the artificial top-up is inevitable 97 % of the time (in clear sky) compared to
63 % for a room with white walls.

Comparison of scenarios 2 and 5

March 16, 2015 is a clear day. The same day of 2014 is partially covered (Figure 12). These two
days have the most comparable profiles of the measurement period of study case N°2. The maximum
outdoor global illuminance is about 120 Klux. The pattern of the ratios of the studied cases is similar.
The increase in the average reflection coefficient from 0.162 to 0.699 increases the average useful indoor
illuminance by 42 %. The scenario N°2 allows being autonomous almost 10 % of the time compared to
32 % for the case N°5. For an area with 5 black walls and 1 white wall, artificial lighting is unavoidable
90 % of the time (in clear sky) compared to 68 % for a room with white walls.

Comparison of scenarios 3 and 5
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The days of March 24, 2014 and March 24, 2015 are clear-sky days with a similar time profile
for global outdoor illuminance (Figure 13). The maximum illuminance is about 121 Klux. With one
factor aside, the ratios are similar. By increasing the average reflection coefficient from 0.274 to 0.699,
we increase the average indoor illuminance by 36 % on average and thus be energy self-sufficient 17.5 %
of the time compared to 39.8 % in case N°5. The use of artificial lighting is unavoidable 82.5 % of the
time (in clear sky) compared to 60.2 % for a room with white walls.

Comparison of scenarios 4 and 5

The days of April 3, 2014 and April 3, 2015 are also clear sky days with a similar time profile for
global outdoor illuminance (Figure 14). The maximum illuminance is about 113 Klux. Both days have a
ratio profile identical to a factor. By increasing the average reflection coefficient from 0.385 to 0.699, we
increase the average indoor illuminance by 35 % on average. It reduces the artificial lighting level to

82.3 % of the time (in clear sky) compared to 60.8 % for a room with white walls.

Synthesis

Overall, we find that the reflection coefficient of the walls has a considerable impact on the
average illuminance within the area. The more we have an area with clear walls, the more we will
increase the useful average illuminance. This is due to the absorption coefficient of the black walls,
considerably limiting the internally reflected illuminance.
This observation can be illustrated in Figure 15. By moving from a room with black walls to a room with
white walls, we can double the level of indoor illuminance and thus limit the use of an additional
artificial lighting system. This observation makes it possible to complete what the literature had revealed
to us in the previous section (Chella et al., 2006; Shao et al., 1997; Zhang, 2002).

3.4 Impact of the position of a dome deflector

In the southern hemisphere, the northern orientation is preferred to increase the performance
of solar devices. At the summer solstice (December 21), the Sun rises in the East/South-East and sets in
the West/South-West. At the winter solstice (June 21), the Sun rises in the northeast and sets in the

northwest. A deflector device, placed in the dome, maximizes the collection of solar rays.
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We wanted to evaluate the impact of deflector positions on the amount of light inside the area
to be illuminated for the configuration of the light pipe studied (curved tube with the collector in the
plane of the roof). That is why, measurements were made by positioning the deflector in different
orientations (North, South, East, and West), as described in Table 2, with the scenarios N°6 to 9).
Figure 16 shows the different positions tested and the solar-path of the study city (SaintPierre,
Réunion). “North” orientation means that the deflector is facing south (back to the north).

Before identifying the most optimized orientation of the deflector to increase the collection of
solar rays, we seek to evaluate the impact of this device on the supply of daylight within the area to be
illuminated. We compare the effect of the deflector positioned to the South (facing the North,
orientation recommended by the manufacturer, scenario N°7) for a clear sky when the walls of the room
are black. The deflector-free measurements were obtained in December 2014. Measurements with
deflector are collected during February 2015, at the rate of one week of collection per orientation. To
rule out the impact of the solar-path, we will use the ratio between the useful average indoor and global
outdoor illuminance, averaged over the measurement period.

We can see that the deflector increases the amount of daylight (Figure 17). However, the device
does not significantly improve the performance of the light pipe.

Concerning the impact of the deflector orientation, and concerning the experimental data, we
find for each a clear measurement period, intermediate and cloudy sky days. Since the solar path is not
the same from one day to the next, and therefore from one configuration to another, we determine the
impact of the deflector position from an average ratio. This ratio is the ratio between the indoor and
global outdoor average illuminance during the period. With measurements in diffuse illuminance, and
neglecting the part of the reflected illuminance (no mask to consider), we obtain direct illuminance
(from the subtraction of diffuse from global illuminance). We apply an impact ratio to the previously
calculated average one by determining the proportion of diffuse and direct impact on indoor
illuminance. Then, we can learn, by orientation, two essential pieces of information (i) the relationship
between the position of the deflector and the overall efficiency (ii) the relationship between the

effectiveness of the deflector, its location and the type of illuminance (direct or diffuse).
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Figure 18 confirms that positioning the deflector in the South (deflector facing North, scenario
N°7) increases the efficiency of the light pipe. The figures are still close for the North position (facing
South, scenario N°6) this being probably because the collector is inclined in the plane of the roof.
Moreover, at this time of year (see Figure 16, red line of the solar path), the Sun passes from East to
West with an almost similar part of the day when the collector sees the Sun in the South and North.
The East (scenario N°9) and West (scenario N°8) positions are optimal for capturing morning or late
afternoon light rays, respectively.

By looking at the differentiation of diffuse and direct illuminance, we can see that (i) direct part
has a more significant impact on the level of indoor illuminance for a deflector positioned in the South
(scenario N°7), (ii) diffuse part is predominant in the supply of light for a deflector in the North. For the
East and West orientations, diffuse and direct illuminances have a similar impact.

We deduce that it is preferable to orient the deflector to the North or South (in the case where
the collector is inclined to the North) for the Southern Hemisphere. This position can also change
during the year, depending on the weather conditions. Tropical summer is marked by more cloudy days
(predominant diffuse illuminance), the deflector could be placed in the North, and conversely in winter
(mostly clear sky).

3.5 Tropical arrangement: impact of the anticyclonic sub-dome

During a tropical cyclone, several extreme phenomena can damage or even destroy a structure
(wind gusts, torrential rain, floods, debris carried by wind or rivers, landslides, etc.). In general, an
anticyclonic construction is designed to withstand the direct effects of wind, airborne debris, and rain. It
is, therefore, a question of designing and building constructions with a sufficient level to ensure the
three essential functions: mechanical resistance, shelter from wind and rain. That is why it is necessary
to protect the fragile areas of a building. The technological difficulty is to establish a compromise
between resistance and tightness without hindering the primary function. The light pipe, because of its
position on the building represents a point of fragility. There is an anticyclonic sub-dome to compensate

for shocks related to flying debris. Reunion Island is one of the areas where this is necessary.
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This case study (see Table 2, scenario N°10) is specific to geographical areas subject to
anticyclonic provisions. The sub-dome is installed on the light pipe, as shown in Figure 19. We are
trying to evaluate the impact of this sub-dome on the overall performance of the light pipe.

As before, we will base our analysis on the ratio between the average indoor and outdoor
illuminance. This will allow comparing days whose solar geometry will not be the same. We will examine
the average daily ratio for configurations with and without the anticyclonic sub-dome for a test cell with
black walls. We only use clear sky days to assess the maximum impact of the sub-dome.

We find that the anticyclonic sub-dome has an impact on the transmission factor of the light
pipe Trpgs (Table 3). This additive element reduces light transmission by an average of 9.2 % * 3 %.
While it may be negligible for indoor illuminance achieved in clear sky, it will be essential to take into
account its contribution in the overcast sky.

Conclusions and perspectives

A literature review permitted to identify and to class each parameter, which could have an impact
on light pipe performance and light distribution inside the illuminated area. It was noted that
geometric, optic or climatic parameters relatives to (i) illuminated area (ii) light pipe (iii) environment of
the device, have a notable impact on indoor light distribution and light level. All the studies reviewed
were conducted under temperate or continental climatic conditions in the Northern Hemisphere.

This paper presents the only experimental data in the southern hemisphere (different solar path)
and for extreme sunlight conditions. It permitted to understand and apprehend the behavior of the
light pipe under the intensive climatic condition of Reunion Island. We found that the light
distribution within the room was strongly related to the type of sky. In cloudy skies, the diffuser behaves
like an orthotropic source whose diffusion follows a Lambertian law. Indeed, the light pipe acts as a
black box. The profile of the indoor illuminance is similar to the profile of the outdoor. In a clear sky,
the observation is no longer valid. The indoor lighting becomes directional, linked to the position of the

Sun. Lambert's law is no longer valid.
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This work also allowed to test other experimental configurations such as the variation of the colors
of the illuminated area. We noted that the increase in the average reflection coefficient could result in a
significant increase in the average indoor illuminance. Energy autonomy is the most revealing parameter
of the study, showing that switching from a dark to a bright room avoided the use of an artificial light
source no less than 37 % of the time.

It was also studied the optimal position of a reflector placed in the dome to increase the collection
of solar rays. Reunion Island is located in the southern hemisphere at latitude 21 °S. In this region of
the globe, and given the sun path, it is common to orient solar devices to the North. The study
confirmed that our collector with deflector, inclined in the roof plane (20 °), is the most efficient when
facing North. A lack of orientation could lead to a drop of nearly 20 % in the light transmission of the
light pipe.

Considering the location and cyclonic concerns of Reunion Island, it was tried to evaluate the
impact of an anticyclonic sub-dome placed under the primary collector. Experimental results concluded
that it reduces 9.2 % of the average transmission of the light pipe.

This paper was intended to contribute to the experimental photometric study of Mirrored Light
Pipes. A thermal experimental study has starting to understand the impact of the light pipe on indoor
ambient conditions and the user thermal comfort in the tropical climate.
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Figure 3: Outdoor luxmeters for global and diffuse illuminance
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Figure 4: Hourly distribution of the global outdoor illuminance of the city of Saint-Pierre (Reunion)

during the year 2014




Figure 5: Experimental cell with black inner walls
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Figure 6: Hourly evolution of indoor illuminance for a clear day (23 September 2014)
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Figure 7: Spatio-temporal distribution of indoor illuminance within the clear sky room (September

23, 2014)

Figure 8: a) Solar spot with the diffuser b) Solar spot without the diffuser
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Figure 11 : Evolution of outdoor global illuminances and average hourly indoor illuminance ratio for

study cases 1 and 5 for the day of 11/21/2013 and 11//21/2014
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Figure 12 : Evolution of outdoor global illuminances and average hourly indoor illuminance ratio of
study cases 2 and 5 for the day of 16/03/2014 and 16/03/2015
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Figure 13 : Evolution of outdoor global illuminances and average hourly indoor lighting ratio

for study cases N°3 and 5 for the day of 24/03/2014 and 24/03/2015
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Figure 14 : Evolution of outdoor global illuminances and average hourly indoor illuminance

ratio of study cases N°4 and 5 for the day of 03/04/2014 and 03/04/2015
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Figure 15 : Evolution of the amount of indoor illuminance as a function of the average

reflection coefficient of the area




Figure 16 : Deflector in the light pipe collector with solar-path of Saint-Pierre (Reunion)
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Figure 17 : Impact of dome deflector in the South on ratio between indoor and outdoor average

illuminance for a clear sky day
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Figure 19 : Anticyclonic sub-dome
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