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A B S T R A C T   

Horizontal light pipes (HLP) have shown the potential to convey daylight deeper into buildings. The wide 
variation in incident angles of sunlight rays and the resulting numerous interreflections of light rays within the 
pipe are the main reasons for the limited light transmittance of such light pipes during certain daylight periods. 
This paper presents a research study on different configurations of acrylic laser-cut panels (LCP) applied at the 
entrance of horizontal pipes as light collectors to increase the transmittance of HLPs and improve daylight au-
tonomy in spaces equipped with HLPs. This study required the development of a suitable methodology. The study 
begins with an experimental laboratory test of a HLP scale model to determine the light transmittance efficiency 
(standard daylight guide characteristic) of HLPs with several LCP configurations. The results from the laboratory 
test are combined with the statistical data for both the direct and diffuse illuminance on the vertical south- 
oriented surface (Satel-Light database) for the location selected for the analyses (Oslo, Norway). The analyses 
are discussed via the application of a theoretical model of an office space equipped with a HPL as well as through 
the concept of daylight autonomy (DA) in an indoor space. The paper shows that a certain static LCP configu-
ration has the potential to increase DA100 and DA300 to 10% and 19%, respectively, at a 2.1 m distance from the 
façade, and 8.75% and 16%, respectively, at a 4.5 m distance. This paper also contributes to lighting science with 
its data on the light transmittance efficiency of each LCP configuration, which can be applicable in further 
research.   

0. Nomenclature  

T Light transmission efficiency factor for light pipe and 
a certain light incident ray 

TTE Light transmission efficiency factor for light pipe for 
overcast sky conditions 

L Length of light pipe, meters 
Dp Diameter of light pipe, meters 
p Aspect ratio of light pipe (p = length/diameter of light 

pipe) 
R Reflectance factor of inner surface of light pipe 
D/W Distance-to-width ratio of Laser-Cut panel 
θ Angle of the cuts on the Laser-Cut panel, degrees 
Al, Az Solar altitude and azimuth, degrees 
αl, αz Light incident angle of solar altitude and azimuth on 

certain surface, degrees 
r2 Angle at which deflected light ray leaves the exit face 

of the Laser-cut panel, degrees 
β 

(continued on next column)  

(continued ) 

Tilt/rotating angle of LC-panel relative to pipe’s 
entrance plane, degrees 

Edirect(ZERO), Ediffuse(ZERO) Direct or diffuse illuminance measured at the tube’s 
entrance, lux 

Edirect(BaseCase), 
Ediffuse(BaseCase) 

Illuminance measured on the tube’s exit without LCP 
configuration, lux 

Edirect(T-R*), Ediffuse(T-R*) Illuminance measured at the tube’s exit for certain 
LCP configuration*, lux 

Esdirect, Esdiffuse Direct or diffuse illuminance on a vertical south 
façade developed from the Satel-Light, lux 

Erdirect(T-R*), Erdiffuse(T-R*) Direct or diffuse real expected illuminance at the 
tube’s exit for a certain LCP configuration*, lux 

ηdirect(T-R*), ηdiffuse(T-R*) Standard daylight guide characteristic for direct or 
diffuse light 

Er (T-R*) Total real expected illuminance at the tube’s exit for a 
certain LCP configuration, lux 

δ Beam spread of the curved reflector at the exit of the 
light pipe in the theoretical model, degrees 

(continued on next page) 
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(continued ) 

Ω Solid angle of the curved reflector at the exit of the 
light pipe in the theoretical model, steradian 

P Areal of the light pipe’s exit in the theoretical model, 
square meters 

E1, E2 Required light illuminance on the light pipe’s exit and 
the reference surface 

Φ1 Required light flux at the light pipe’s exit, lumen 
I2 Required light intensity on the reference surface in a 

theoretical model, candela 
A Areal of the reference surface, square meters 
d Mounting height of the tube above the workplane, 

meters 

*For all of the LCP configurations, see Tables 6 and 7. 

1. Introduction 

To fulfil new legislation requirements (such as TEK17 or NS3700 in 
Norway, where this study was conducted), buildings have become more 
compact, which results in spaces inside the buildings lacking natural 
light (Houck, 2015). This drawback has been noted, and some concepts 
of integrative lighting (light for the circadian rhythm) have been used to 
mitigate it; however, research and practice have still not come to a 
successful solution (Chinazzo et al., 2020; Perez et al., 2018; Yuda et al., 
2017). The initial concept of finding a sustainable solution for the lack of 
daylight inside buildings has been additionally overshadowed by the 
decreasing costs of LED lighting (Herring, 2006). 

Moreover, regulations on the daylight factor (D) are becoming 
stricter. A daylight factor demand of Dmean > 2% for permanently 
occupied rooms is becoming difficult to achieve, as buildings simulta-
neously follow stricter energy efficiency demands, with a 30% increase 
of wall thickness and a 25% decrease in the light transmission of window 
glazing (Ulimoen et al., 2020). 

The new European standard, EN-17037 Daylight in Buildings, brings a 
requirement of 50% of daylight hours during the year, with daylight 
provision of a minimum of 300 lx for 50% of the area and 100 lx for 95% 

of the area (Mardaljevic et al., 2013). Daylight provision refers to the 
level of illuminance achieved across a fraction of a reference plane for a 
fraction of daylight hours. Daylight hours in this standard refers to the 
time from sunrise to sunset. This means at least six hours of 300 lx of 
daylight on average throughout the year, which occurs between 7 AM 
and 5 PM (the occupancy period of a typical office space). 

As global economic growth forces centralization, the most intensive 
development of commercial buildings takes place in city centres, where 
high land prices lead to high-rise buildings. Multi-floor buildings have 
large facade areas that are predominantly made of glass and steel (Yeang 
and Powell, 2007). Glass facades, besides daylighting, provide un-
wanted glare and solar heat. Both research and post-occupancy reviews 
have shown that visual discomfort forces users to manually control 
sunscreens (Galasiu et al., 2004; Lindsay and Littlefair, 1992; Rea, 1984; 
Rubin et al., 1978). Especially in areas at higher latitudes, the conditions 
of clear sunny skies are not immediately connected with positive 
daylighting effects, since low solar altitude brings about glare and 
overheating issues. Automated sun-shading is, according to the practice 
in Scandinavia, pulled down and closed at a threshold of 43,000 lx on a 
façade and not pulled up before illuminance decreases under 23,000 lx 
(Christoffersen and Johnsen, 1999; Johnsen et al., 2011). Manually 
controlled sun-shading remains in a closed position much longer after 
the critical excessive light situation ends, usually until the user opens 
them again. A study by Reinhart (2004) showed that the initial daylight 
level in an office, at the time a user arrives, psychologically and physi-
ologically determines their lighting comfort and need for electrical light. 
Such facts help note that low daylight level in an office, either as a result 
of the manual adjustment of sunscreens the previous day or the room’s 
orientation and lack of sunlight, will increase the psychological need for 
a higher level of artificial light. 

A literature review on daylight transport systems (DTS) revealed that 
light pipes can reduce the energy used for electrical lighting in com-
mercial buildings at higher latitudes by up to 30% (Courret et al., 1998; 
Garcia Hansen and Edmonds, 2003; Kwok and Chung, 2008; Mayhoub, 
2011; Obradovic and Matusiak, 2019). As electrical energy for lighting 

Fig. 1. (a) Laser-cut panel (Garcia Hansen et al., 2009); (b) Light deflection factor for D/W ratios for Edmond’s LCP design (Weibye and Matusiak, 2019); (c) Light 
deflection principle in non-angled LCP; (d) Light deflection principle in angled LCP. 
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in commercial buildings in Norway accounts for 40% (Kolås, 2011) of 
total building energy used, the fact that a reduction of a 30% could give 
a total energy reduction of 12% is important. According to the Norwe-
gian standard SN/TS 3031:2016 Energy Performance of Buil-
dings—Calculation of Energy Needs and Energy Supply and the European 
standard EN 15193-1:2017 Energy Performance of Buildings—Energy re-
quirements for Lighting (Part 1: Specifications, Module M9), the maximum 
145 kWh/m2 per year is allowed for commercial buildings in energy 
class C, while the maximum of 115 kWh/m2 enables energy class B. The 
stricter class is characterized by a 20% energy reduction, a significant 
part of which can be accomplished by reducing the need for electrical 
lighting. 

The need for reliable and prolonged daylight autonomy, especially 
during the mornings and afternoons, is directly related to the energy 
requirements of buildings that rely on electrical energy generated from 
PV panels. The peak load for energy consumption in commercial 
buildings starts sharply at 7 AM and remains linear until 5 PM, while the 
peak of solar energy generation follows suns alignment with the south 
(Lindberg et al., 2019). Prolonged daylight autonomy could have an 
impact on the balance energy management of buildings in terms of the 
fact that 40% of the energy consumption in commercial buildings is used 
for artificial lighting. 

Many post-occupancy reviews has shown that light controlling sys-
tems with light sensors integrated in the ceiling to screen daylight levels 
on the working surface do not work as they should. The reason for this is 
a drastical decrease of daylight level from the side window and deeper in 
the space (Kolås, 2011). Some recent studies conducted in higher lati-
tude areas have proposed sun-screening and daylighting elements suit-
able to deal with low solar altitude issues (visual and thermal comfort 
simultaneously), but their implementation in real projects has been 
delayed and hindered by many decisions and issues (Arnesen et al., 
2011; Kolås, 2013). If a certain daylighting transport system could 
convey daylighting at more balanced levels, this could help the con-
trolling system have more reliable operation and would result in easier 
decision-making regarding the placement of lighting sensors. 

Daylight transport elements, such as light pipes, can be layered with 
mirror folium, aluminium, or silver, with a reflectivity (R) of 99%. The 
total light transmittance of the pipe, T, is defined as a direct function of 
reflectivity, R, where L is the pipe’s length, Dp is the pipe’s diameter, and 
α is the plane light incident angle relative to the light pipe’s axis (Eq. (1)) 
(Zastrow and Wittwer, 1986, 1987). The light transmittance effectivity 
is in this case, beside the pipe’s inner reflectance, highly dependent on 
the light incident angle. 

T = RL×tanα÷Dp (1) 

Light rays with an axillary incident angle to the pipe’s axis, where no 
light rays inter-reflect along the pipe, contribute the most to the light 
transmission efficiency. Any increase in the incident angle increases the 
number of interreflections, and the total light transmittance of the pipe 
decreases simply because the inner surface is not 100% reflective. 

In order to solve the problem of unfavourable (oblique) incident 
angles, several studies have used approach with deflected incident light. 
Light deflection panels, in this case Laser-Cut panels (LCPs), can deflect 
the incident light and, in turn, change its propagation direction. LCPs 
have been adopted as an effective light redirecting element in archi-
tecture since the development of the theory of light deflection in 90s 
(Edmonds, 1993), but the original idea dates to the very late nineteenth 
century (Wadsworth, 1903). 

A laser-cut panel is produced by making parallel laser cuts in a 
transparent acrylic panel (Fig. 1a), where each cut becomes a “light 
reflective mirror”. Fig. 1c illustrates the deflection mechanism in the 
case of straight cuts. The definition of light deflection on LCP states that 
“light is deflected in a rectangular prismatic element by refraction, total 
internal reflection and refraction again” and “an array of prismatic el-
ements forms a light deflecting panel called a Laser-Cut Panel (LCP)” 

(Edmonds, 1993). Eqs. (2)–(4) explains how to calculate the outgoing 
angle of light, where the total angle through which the incident light is 
deflected is α1 + r2 (see also Fig. 1d). For the θ = 0◦ (angle of the cuts), 
the angle at which deflected light leaves the exit face, r2, is the same as 
the angle of incidence on the panel, α1. Edmond also explains that sloped 
laser-cuts have a higher deflecting factor for variating incident angles 
(span of angles) (Fig. 1d), but because of the technical impossibility of 
developing sloped cuts, there has not been any research addressing 
sloped cuts in the field of daylighting. The fraction of deflected light 
depends on the angle of incidence as well as the cut’s distance-to-width 
ratio, D/W, which is defined with the help of a deflection factor 
(Fig. 1b). 

α2 = r1 − 2θ (2)  

Sinα1 =
sinr1

n
(3)  

r2 = sin− 1(n × sin(r1 − 2θ) (4) 

LCPs have been used to enhance daylight collection or control 
excessive sunlighting. They have been used in skylights, windows, and 
awnings, in order to deflect incoming light and send it toward the indoor 
ceiling or to deflect it back to the outdoor space and screen the indoor 
space of solar radiation during the hottest time of day or year (Arnesen 
et al., 2011; Creda and Matusiak, 2017; Edmonds, 2005; Edmonds and 
Pearce, 1999; Freewan, 2014; Kischkoweit-Lopin, 2002; Knoop et al., 
2016; Labib, 2013; Ruck et al., 2000; Weibye and Matusiak, 2019). Such 
studies conclude on the same fact that LCPs have the potential to deflect 
or disperse direct sunlight, reducing the need for blinds in the case of 
excessive sunlight. 

A vertical pipe equipped with a single-sheet-, gable-, or pyramid- 
formed LCP, and through the idea of rotation, has been introduced in 
several studies (Edmonds et al., 1995; Garcia-Hansen and Edmonds, 
2015; Garcia Hansen et al., 2009; Kadir et al., 2019). A recent study with 
rotating deflecting sheets showed the improvement of illumination and 
the temporal uniformity of illuminance on the pipe’s exit (Venturi et al., 
2006). The study concluded that the LCP can be used as an alternative to 
heliostats and sun-tracking systems. Meanwhile, a research study with 
vertical light pipes and LCPs in different tilts showed that the tilt of a 
LCP should be strongly developed according to the south-north orien-
tation (Nair et al., 2015). 

Horizontally placed light pipes, situated in the ceiling plenum, have 
shown many advantages over vertical light pipes, especially in multi- 
floored buildings. Several researches in the last decade have also 
shown the potential in applying an LCP as a deflector for non-axillary 
rays on horizontal light pipes (Garcia Hansen and Edmonds, 2003; 
Garcia Hansen et al., 2001; Kwok and Chung, 2008). The main objective 
in such studies was to improve the light collection of high-altitude light 
during noon, since those researches have been performed in the tropical 
climates of lower latitude locations. 

This study exclusively examines horizontal cylindrical light pipes, 
relying on the solar microclimate of high latitude areas. The study ad-
dresses a gap in the research on LCPs by examining double/symmetri-
cally rotated panels with vertical cuts for handling the variating 
azimuth. Moreover, this study consists of experimental parametric 
measurements and the theoretical analysis of daylight autonomy re-
ported in daily and yearly hours in the inner space 2.1 and 4.5 m dis-
tances from the façade wall. 

The paper is structured as follows: First, the Introduction establishes 
the research objective. The research on a whole consists of two parts that 
are explained in Section 2: Methodology. The research uses a local solar 
microclimate for the analyses presented in Section 3: Outdoor Daylight 
Accessibility. The fourth and fifth chapters present the method of the 
experimental and theoretical part of the study. The results are presented 
and explained in Section 6. The Discussion chapter explains the results in 
general, justifies the research hypotheses and importance of the 
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research, and the Conclusions chapter ends the study with the findings of 
the research. The paper is completed with Appendices A and B, which 
provide data on the experimental test applicable for further research, 
Appendix C, providing illustrations from the laboratory study, and Ap-
pendix D providing data on the uniformity of the direct light from the 
artificial sun at the Daylight laboratory at NTNU. 

2. Methodology 

The objective of the research is to determine how different LCP 
configurations (D/W, tilt, and rotating position) affect the light-pipe 
transmittance and to determine which configuration most improves 
the daylighting in the rear part of a typical office space. The assumptions 
of the study are that tilted LCPs with horizontal straight cuts will deflect 
the light from high-altitude angles and provide higher light transmission 
efficiency, while the two symmetrically rotated LCPs with vertical cuts 
will deflect wide azimuth, morning and evening light, and provide 
higher light transmission efficiency for unfavourable light incident an-
gles. The assumptions are illustrated in Fig. 2a and 2b. Here, thin lines 
represent the usual light propagation in the pipe, and the thicker lines 
represent the light deflected through an LCP in front of the pipe. In order 
to see the effect of each LCP configuration during the entire year, the 
concept of daylight autonomy is applied for a certain work area inside 
the standard office space. The study is a pilot study for a full-scale 
experiment planned for an office building near Oslo (59◦53′N, 
10◦31′E), Norway, which location determined the solar altitude and 
azimuth applied in the study. 

The first part of the research comprises a parametric measurement of 

illuminance at the end of the tube under the several LCP configurations 
at the tube’s entrance. The laboratory tests were done for direct illu-
minance using an artificial sun and for diffuse illuminance using an 
artificial overcast sky at Faculty of Architecture and Design (NTNU). The 
experiment was performed on a model of a horizontal light pipe with an 
aspect ratio (length-to-diameter) of p = 1200/150 mm (8). The study 
used four different LCP configurations (D/W), combined with three tilts 
and three rotations, for each testing solar altitude and azimuth position. 
The configurations (dimensions and tilt/rotation) of the LCP sheets used 
in this study are explained in Section 4.1, while the measuring procedure 
is explained in Section 4.2. The experiment was carried out in the 
summer of 2019. 

To establish the adequate testing positions, the matrix of 15◦ azimuth 
and 5◦/10◦ altitude (Table 1), was developed based on the solar chart for 
Oslo (Fig. 3). Due to the complexity and the size of the model, altitude 
55◦ that corresponds best to highest altitude in Oslo (53◦), could not be 
applied, instead the measurements were made with the altitude 50◦. 

After the measurements were taken, the transmittance efficiencies of 
the HPL of each LCP were calculated. The CIE 173:2012 Tubular Daylight 
Guidance Systems presented an approach to determine light trans-
mittance efficacy called the “standard daylight guide characteristics” (η) 
(l’Eclairage, 2006). For each LCP configuration, the standard daylight 
guide characteristic η(T-R), was found from the ratio of the illuminance 
measured at the tubes exit, E(T-R), and the illuminance measured at the 
tube’s entrance, E(ZERO), applying the calculation for each measuring 
position from the matrix (Eq. (5)). 

ηdirect(T − R) = Edirect(T − R)Ã⋅EdirectE(ZERO) (5) 

Fig. 2. The principle of LCP on the entrance of 
the horizontal pipe (adopted from (Garcia Hansen 
et al., 2001) (a) High-altitude light during sum-
mer at noon (section through the wall). Thicker 
line denotes deflected light that has preferable 
incident angle along the pipe’s axis after 
deflecting on a tilted LCP; (b) wide azimuth light 
in the mornings and evenings (horizontal light 
pipe in plan). Thicker line denotes deflected light 
that has a preferable incident angle after 
deflecting on a single rotated LCP.   

Table 1 
Testing matrix for parametric laboratory study that refers to the solar chart for a south facade in Oslo. Test points in colour represent typical analysing period of the 
year: red-summer, orange-late spring or early autumn, yellow-early spring or late autumn, blue-winter.  
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A similar calculation was done for the diffuse illuminance as well, 
and Fig. 4 presents the method used in the laboratory study. The results 
for the standard daylight guide characteristic η(T-R) of the direct and 
diffuse illuminance are presented in Appendices A and B, respectfully. 
This data can be used to develop illuminance data for several other lo-
cations at latitudes ≥59◦ N because of the maximum tested solar altitude 
50◦) by using the Satel-Light data of direct vertical and diffuse vertical 
illuminance for the particular location. 

The second part of the research is a daylight autonomy analysis of the 
daylight supplement through the horizontal pipe in the theoretical 
model of an office space. As the first part of the study resulted in a 
standard daylight guide characteristic η(T-R) for a pipe with an aspect 
ratio of 8, the absolute illuminance values from a Satel-light database 
are used in order to develop real illuminance values for the pipe’s exit. 
Satel-Light data for the direct and diffuse illuminance on a vertical, 
south-oriented façade in Oslo was used (Fig. 5). Section 3 features the 
detailed procedure for the development of ESdirect for a direct illumi-
nance and ESdiffuse for diffuse illuminance. 

Real values for the illuminances at the tube’s exit, Erdirect and Erdif-

fuse, were then developed by multiplying the standard daylight charac-
teristic, η(T-R), with the absolute illuminance values from the Satel- 
Light database, Esdirect and Esdiffuse (Eq. (6)). Eq. (6). is used for each 
LCP sample separately in each testing position from the matrix (Table 1). 

Erdirect(T − R) = ηdirect(T − R) × Esdirect (6) 

The final Ertotal is a result of the summation of Erdirect and Erdiffuse for 
any testing configuration. Ertotal is developed for the BaseCase (Eq. (7)) 
as well as for each LCP configuration (Eq. (8)). 

Ertotal(BaseCase) = Erdirect(BaseCase)+Erdiffuse(BaseCase) (7)  

Ertotal(T − R) = Erdirect(T − R)+Erdiffuse(T − R) (8) 

Since the BaseCase test considered a completely open tube’s entrance 
without any LCP and under the assumption that the entrance needs to be 
closed, the standard daylight guide characteristics (η) for the BaseCase 
were reduced by the standard light transmission factor for acryl (of 
0.92). 

In the theoretical model, the illuminance on the pipe’s exit is 
directed down to the reference surface by a curved reflector. The theo-
retical model of the office space, the reflector, and the reference sur-
faces, together with the method for the calculation of illuminance on the 
reference surface, are explained in Section 5. 

Fig. 3. Solar chart for Oslo (59◦53′N, 10◦31′E), Norway, with typical periods used in the analysis and testing position corresponding to the testing matrix retrieved 
from (SRML, 2019). Test points in colour represent typical analysing period of the year: red-summer, orange-late spring or early autumn, yellow-early spring or late 
spring, blue-winter. 

Fig. 4. Method of parametric study and determination of the standard daylight guide characteristic η(T-R).  

Fig. 5. Method for the development of Satel-Light data, ESdirect and ESdiffuse.  
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3. Outdoor daylight accessibility 

The climate in Oslo is, in terms of the Köppen-Geiger classification, 
characterized by strong seasonality, snow, humidity, and warm sum-
mers (Dfb) (Kottek et al., 2006). According to historical weather re-
cordings, there is a predominantly clear sky and sunlight for 37% 
daylight hours during the year, with the remaining 63% being pre-
dominantly overcast sky (Table 2). 

It is generally assumed that the predominant type of sky in Norway is 
overcast, but the 37% of daylight hours throughout the year should not 
be neglected, as clear sky and sunlight represent the highest potential for 
light collection in any solar microclimate. Most of these sunlight hours 
occur during the summer half-year, when the sun’s altitude and azimuth 
also have the biggest variation during the day. The cumulative sunlight 
hours for the summer half-year is 248 h, compared to 161 h for the 
winter half-year. The Satel-Light recordings (Satel-Light, 1998), based 
on the Meteosat Satellite images and obtained every half hour, are used 
to generate data on the direct and diffuse illuminance on a vertical 
south-oriented surface. 

The direct and diffuse vertical illuminances from the Satel-Light were 
developed by following the data matrix in this study (Table 1) to 
correspond with the specific altitude and azimuth positions for each 
hour given by the Satel-Light data. Table 3 shows data for the direct 
illuminance and Table 4 shows data for the diffuse illuminance on the 
vertical south-oriented surface. 

Illuminances on tilted surfaces (both vertical- and south-oriented in 
this study) are, according to the Satel-Light knowledge facts, computed 
from irradiances on tilted surfaces using the diffuse and direct luminous 
efficacies of the horizontal irradiance. The values obtained from the 
Satel-Light for each hour for a certain month are, developed as the 
monthly mean of hourly values. 

A limitation of this study is that the direct and diffuse light from the 
Satel-Light database presents values from the real sky condition with an 
unknown distribution of luminance on the sky. This means that the 
values for direct and diffuse illuminances do not come from a static sun 
or sky with predictable light intensity and distribution, upon which the 

laboratory test in the present study was conceived. 

4. Experimental method for parametric measurements 

4.1. Design basis 

For the summer solstice in Oslo, Norway, the highest altitude of sun 
is 53.5◦ at 12:15 h (Fig. 3). At 7 AM, the altitude is close to 25◦ (at Az 
90◦), and at 5 PM, the altitude is close to 30◦ (at Az 270◦). The spring and 
autumn equinoxes are characterized by solar altitude between 5◦ and 
30◦ and azimuth between 95◦ and 255◦ for the usual user-occupancy 
period (7 AM–5 PM). For the winter solstice, the highest altitude is 
6.8◦, the lowest altitude 0◦ is at 09:30 h (Az is 140◦), and the second- 
lowest altitude 0◦ is at 15:00 h (for Az 220◦). The angles are rounded 

Fig. 6. Determination of real incident angle for the tilted LCP.  

Table 3 
Satel-light data for direct vertical illuminance Esdirect (in lux) on the south façade of an theoretical office building in Oslo (retrieved from Satel-Light (2019)).  

50◦ 17,100 20,575 31,000 20,575 17,100     
45◦ 12,025 21,575 25,825 26,900 25,825 21,575 12,025    
35◦ 5650 8425 15,100 21,575 23,775 25,750 23,775 21,575 15,100 8425 5650  
25◦ 350 3600 8425 14,100 20,100 15,800 18,000 15,800 20,100 14,100 8425 3600 350 
15◦ 2650 7675 5075 8450 11,275 13,100 11,275 8450 5075 7675 2650  
5◦ 700 1825 2500 3325    3325 2500 1825 700   

Altitude/Azimuth 90◦ 105◦ 120◦ 135◦ 150◦ 165◦ 180◦ 195◦ 210◦ 225◦ 240◦ 255◦ 270◦

Table 4 
Satel-light data for diffuse vertical illuminance, Esdiffuse (in lux), on the south facade for Oslo (retrieved from Satel-Light (2019)).  

50◦ 17,000 18,650 19,150 18,650 17,000     
45◦ 14,425 17,200 18,900 19,350 18,900 17,200 14,425    
35◦ 8625 10,850 14,225 17,200 13,525 15,025 13,525 17,200 14,225 10,850 8625  
25◦ 6000 7425 10,850 8225 11,350 8200 8800 8200 11,350 8225 10,850 7425 6000 
15◦ 1750 4675 4075 6550 7300 7500 7300 6550 4075 4675 1750  
5◦ 200 400 1400 4250    4250 1400 400 200   

Altitude/Azimuth 90◦ 105◦ 120◦ 135◦ 150◦ 165◦ 180◦ 195◦ 210◦ 225◦ 240◦ 255◦ 270◦

Table 2 
Sunlight hours for Oslo (retrieved from Google, 2019).  

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

Average sunlight hours/day 01:27 02:56 04:54 06:04 07:30 08:08 07:03 05:54 04:36 02:48 01:22 00:48 04:28 
Average daylight hours/day 06:50 09:05 11:46 14:35 17:09 18:40 17:58 15:38 12:51 10:03 07:29 06:02 12:00 
Sunny/Cloudy daylight hours/day in % 22 /78 34 /66 43/57 43/57 45/55 44/56 40/60 39/61 37/63 29/71 19/81 14/86 37/63 
Sun altitude at solar noon 10.3◦ 19.6◦ 30.4◦ 42◦ 50.3◦ 53.5◦ 50.5◦ 42.1◦ 30.7◦ 19.3◦ 10.1◦ 6.8◦ 30.5◦
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to integers divisible by 5 for clarity. 
The altitude variability is therefore 46.8◦ (53.5–6.8◦), while the 

winter azimuth variability is 80◦ (for the first-lowest altitude 0◦to the 
second-lowest 0◦), and the summer azimuth variability is 180◦ (Fig. 3). 
This indicates that the variability in the azimuth angles should be the 
primary issue focused on in this study. 

According to the light deflection theory of the LCP, if the aim is to 
have deflected light leaving the LCP and propagating along the pipe’s 
axis, the LCP tilt/rotation should be β = α/2, where α is a light incident 
angle on an LCP in the vertical position (Fig. 6.). In the case of the 
summer solstice, αmax = 53.5◦, the tilting angle is β = 26.75◦. Table 5 
presents the extreme altitude and azimuth incident angles for the Oslo 
location, which occur during the typical occupancy period (7 AM–5 
PM). If the LCP is tilted by angle β, then α-β becomes a real incident angle 
for the tilted LCP (Fig. 6). In the case of strait cuts, θ = 0◦, as mentioned 
in the introduction, the real incident angle is α- β = α − α/2 = α/2. The 
real incident angle α-β and the light deflecting factor (Fig. 1b) should 
determine the LCP’s D/W configuration. 

4.1.1. Tilting LCP 
For the light incident angle of 53.5◦, and as can be seen in Fig. 1b, 

LCP D/W 0.3, tilted by β = α/2 = 26.75◦ will have almost 100% light 
deflection for the light incidence angle α = 26.75◦ relative to the LC 
panels. The angle through which the light would be deflected will be 
increased by the tilting angle of the LC panel 26.75◦, and the absolute 
outgoing angle will be 0◦ (deflecting angle 26.75◦-tilting angle 
26.75◦)—relative to the pipes’ s axis. The light will propagate an 

auxiliary within the tube without any interreflections, and the deflected 
light will be reduced just for the transmission factor of the acrylic panel 
(0.92). 

For all incidence light falling between 53.5◦ and 26.75◦, the fraction 
of deflected light will be reduced, and the fraction of directly trans-
mitted light will be increased. For the incident light, exactly α = 26.75◦

light will be transmitted through the panel auxiliary at a transmission of 
92%, while, for incidence light lower than 26.75◦ (October to February; 
Fig. 3), the light will be deflected through a much higher angle, which 
will increase the interreflections and reduce the light transmittance. 

The principle of the tilting configuration that will best suit the light 
incidence angle during the summer solstice is presented in Fig. 7a along 
with that for the spring/autumn equinox in Fig. 7b and the winter sol-
stice in Fig. 7c. See also Table 5 for altitude variations. 

4.1.2. Rotating LCP 
To manage the incident light with a non-preferable azimuthal angle, 

two symmetrically rotated LCPs with vertical cuts can be applied. They 
will deflect light rays with extreme azimuth angles and align them with 

Horizontal 
 light pipe 
 in plan 

a              LCP in detail 

Horizontal 
 light pipe 
 in plan 

b             LCP in detail 

Horizontal 
 light pipe 
 in plan 

c                 LCP in detail 

Fig. 8. The principle of light deflection for different azimuth incident angles on an LCP with vertical cuts; the upper part of illustration presents a plan through the 
horizontal pipe, and the lower part is an enlarged plan through two symmetrical LC panels in a rotated position; (a) LCP configuration that deflects summer sunlight 
well (orange rays); (b) LCP conf. that deflects spring sunlight well (pink rays); and (c) LCP conf. that deflects winter sunlight well (blue rays). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

a b c

LCP detail 

Section through the pipe 

LCP detail

Section through the pipe Section through the pipe

LCP detail 

Fig. 7. The principle of light deflection for different altitude incident angles on a LCP with horizontal cuts; upper part of the illustration presents section through the 
horizontal pipe, and the lower part shows an enlarged section through the LC panel in the vertical and tilted positions; (a) Tilted LCP that deflects summer sunlight 
well at the highest altitude; (b) spring; and (c) winter. 

Table 5 
Solar altitude and azimuth during the summer solstice, equinox, and winter 
solstice during typical occupancy hours.  

Season/solar altitude and azimuth Altitude variation Azimuth variations 

Time of the day 7 AM 12 AM 7 AM 5 PM 
Summer solstice 25◦ 53◦ 90◦ 270◦

Spring/autumn equinox 5◦ 30◦ 95◦ 255◦

Winter solstice 0◦ 7◦ 140◦ 220◦
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the tube’s axis (Fig. 2b). Since the azimuthal variability is symmetrical 
from the south-oriented pipe’s point of view (east/west), the LCP should 
consist of two identical panels, each angled on its side (Fig. 8). In the 
case of the winter solstice sunrise, the altitude is 0◦ (at 09:30 h), and the 
Az is varying ±40◦ (Table 5), the LCP with vertical cuts should be angled 
β = αz/2 = 20◦ in order to deflect the light auxiliary within the tube. In 

the case of the summer solstice, the solar azimuth ranges 90◦ to 270◦

from 7 AM to 5 PM. For αz = 90◦, the LCP rotating angle should be β =
αz/2 = 45◦, and the real incident angle on an angled panel αz1 = αz/2 =
45◦. For the incidence angle of an αz1 = 45◦, the LCP configuration of D/ 
W 0.5 will provide the most effective deflection (Fig. 1b). For αz1 ≤ 40◦, 
the light will be deflected against the tube’s walls, and the number of 
interreflections will increase, which will reduce the light transmittance. 

The principle of the rotating configuration that will best suit the light 
incidence angle during the summer solstice is presented in Fig. 8a along 
with the spring/autumn equinox in Fig. 8b and the winter solstice in 
Fig. 8c. 

4.1.3. LCP alternatives in the study 
The proposed LCP configurations for variable altitudes and azimuth 

angles are presented in Tables 6 and 7. Due to the technical limitations 
of today’s laser-cutting machines which cannot cut through acrylic 
plates thicker than 6 mm, the D/W varies between 0.5 and 0.8. Each LCP 
configuration has its biggest potential (highest deflection factor) for just 
a certain incident angle (Fig. 1b), and the other incident angles will 
result in reduced deflected and increased transmitted light. Tables 6 and 
7 present the theoretical approach to the specific configuration. Each of 
the proposed configurations of D/W and the tilting/rotating angle is 
expected to balance the differences of the light pipe transmittance under 
the variable light incidence angle. 

4.2. Experimental setup 

In this experiment, an acrylic panel 6 mm in thickness (Plexiglas® XT 
0A770, Evonik Performance Materials GmbH) was used for the LC 
panels. This acrylic panel is completely clear, transparent, and with a 
light transmittance of 0.92 and refraction index of 1.491. 

The main issue in LCP fabrication, even nowadays, is that laser 
cutters are not designed to cut through acrylic panels thicker than 6 mm. 
The thickness of the plate dictates the distance-to-width ratio (D/W), 
and very narrow cut distances can bring about melting problems. Laser 
cuts were therefore done as D/W 0.5, 0.6, 0.7, and 0.8, which, for a 
panel 6 mm in thickness, gives distances of 3.0 mm, 3.6 mm, 4.2 mm, 
and 4.8 mm, respectively (Fig. 9). 

During the design of the study, we considered a “climate envelope”, 
which is necessary in real buildings to protect an indoor light pipe 
against the outdoor climate. The review of the commercial products on 
the market has shown that the most suitable and probable envelope 
shape would be a half-spherical dome (Fig. 10). The limitations in LCP 
configurations are the result of this assesment. The panels for the tilt 
probe were oval (d1 = 150 mm; d2 = d1/cos 45◦ = 212 mm), while, for 
the rotation probe, they were half-oval in shape (d1 = 150 mm; d2/2 =
d1/2 * cos 45◦ = 106 mm). Fig. 10a and b illustrates the issue of the 
dome’s shape limiting the tilt/rotation of the LCP. The tube was 150 mm 
in diameter and 1200 mm in length and was made of pap. The aspect 
ratio of the tube was L/D 1200/150 = 8. The tube was coated with 

Fig. 9. (a) LCP in an oval shape for tilt probe; (b) LCP in half-oval shape for azimuth probe.  

Table 7 
LCP test configurations: D/W, rotating angles, and deflection factor for a certain 
light incident angle relative pipe’s axis.  

Testing 
configuration 

D/W Rotating angle Deflection factor for an 
azimuth incident angle 
relative to light pipe’s axis 
(0◦ azimuth is against 
north) 

Sample ZERO No LCP used 
Sensors in the 
front of the 
tube 

Measuring 
incident 
illuminance 

90◦/ 
270◦

100◦/ 
260◦

110◦/ 
250◦

BaseCase No LCP used – 
Sensors in the 
exit tube 

Measuring 
output 
illuminance 

R-08-20 0.8 20◦ 0.99 0.90 0.75 
R-08-30 0.8 30◦ 0.90 0.75 0.60 
R-08-40 0.8 40◦ 0.75 0.60 0.45 
R-07-20 0.7 20◦ 0.85 0.99 0.85 
R-07-30 0.7 30◦ 0.99 0.85 0.68 
R-07-40 0.7 40◦ 0.85 0.68 0.50 
R-06-20 0.6 20◦ 0.65 0.82 0.99 
R-06-30 0.6 30◦ 0.82 0.99 0.80 
R-06-40 0.6 40◦ 0.99 0.80 0.60 
R-05-20 0.5 20◦ 0.40 0.58 0.80 
R-05-30 0.5 30◦ 0.58 0.80 0.95 
R-05-40 0.5 40◦ 0.80 0.95 0.70  

Table 6 
LCP test configurations: D/W, tilting angles, and deflection factor for a certain 
light incident angle relative to the pipe’s axis.  

Testing 
configuration 

D/W Tilt Deflection factor for 
an altitude incident 
angle relative to light 
pipe’s axis 

ZERO No LCP used – 
Sensors in the 
front of the tube 

Measuring 
incident 
illuminance    

BaseCase No LCP used – 
Sensors in the exit 
tube 

Measuring 
output 
illuminance 

34◦ 44◦ 54◦

T-05-17 0.5 17◦ 0.50 0.65 0.88 
T-05-22 0.5 22◦ 0.32 0.55 0.75 
T-05-27 0.5 27◦ 0.20 0.45 0.65 
T-06-17 0.6 17◦ 0.35 0.55 0.75 
T-06-22 0.6 22◦ 0.25 0.45 0.65 
T-06-27 0.6 27◦ 0.15 0.35 0.55  
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Room plan 

Room section 

Fig. 11. Artificial sun setup in Daylight laboratory at NTNU, Faculty of Architecture and Design, in plan (up) and section (down).  

Section through the horizontal pipe

a b

Horizontal light pipe in plan 

Fig. 10. (a) Tilt of LCP in an oval shape is limited by the shape of the dome; (b) rotation of symmetrically oriented LCP in half-oval shape is limited by height of 
the dome. 
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specular mirror folium with 99% reflectivity (Specular silver film 
DF2000MA, 3M). 

Lighting simulations were performed in the Daylight laboratory at 
NTNU, Department of Architecture and Technology. For the direct light 
test, an artificial sun was used, which was composed of 70 halogen 
lamps with parabolic reflectors (50 W) fixed to a vertical metal plate and 
arranged in a hexagonal pattern. The artificial sun provides close to 
parallel light beams with a dispersion angle of 3◦. It was situated in a 
corridor-like room enabling long enought distance from the sun to the 
models, (Fig. 11). The walls, ceiling, and floor were painted matte black 
to minimize interreflections in the room and scatter light on the model. 
The model (tube) was positioned at the 7.5 m distance from the artificial 
sun, which ensured very even illumination. Actually, the uniformity of 
the light from the artificial sun on the tube’s entrance, measured in the 
perpendicular direction to the sun, is 98%. The data is taken from the 
measurements done for the alternative ZERO for altitude 5◦ and azimuth 
180◦. The illuminance uniformity data for all matrix positions is pre-
sented in Appendix D. 

The model was fixed on a box 1 m high so that the height of tube’s 
entrance matched the centre of the artificial sun. For the altitude vari-
ation measurements, the model was tilted by lifting the back side on a 
vertical shelf, and azimuthal variation measurements were taken by 
rotating the box to align it with the angle grid on the floor. Testing 
positions were developed through the matrix of 5◦, 15◦, 25◦, 35◦, 45◦, 
50◦ for altitude, and 90◦, 105◦, 120◦, 135◦, 150◦, 165◦, 180◦ for azimuth 
(with the assumption that testing for azimuth 180–270◦ would be the 
same) (Table 1). The outermost azimuth angles, 90◦ and 270◦, were 
taken from the vertical cut-off of the south façade and the user- 
occupancy hours, Table 5. Photos from the laboratory study are pre-
sented in Appendix C. 

For the diffuse light experimental test, an artificial sky in the form of 
a mirror box at NTNU, Faculty of Architecture and Design, was used 
(Fig. 12). The mirror box was originally developed between 2000 and 
2003 with fluorescent tubes and a translucent fabric suspended between 
the tubes and mirrors. In 2012, the tubes were replaced by RGBW LED 
chips, and the fabric by translucent acrylic ceiling plates. The box is 
designed octagonal in plan. This ensures more even light distribution 
horizontally when compared to rectangular mirror boxes that have 
slightly lower luminances in the vertical corners than the mirror centres. 
An octagonal box gives users more flexibility regarding the rotation of 
the model, as it does not matter whether the daylight opening in the 
model is oriented toward a mirror centre (Matusiak and Arnesen, 2005; 

Matusiak and Braczkowski, 2014). As the height of the tube’s entrance is 
150 mm, which is a 7.5% of sky height in the mirror box (2000 mm), it 
can be estimated that the parallax error is somewhat higher than 10% 
for low altitude angles (0–15◦). For the altitude angles over 15◦, as 
discussed in Lynes and Gilding (2000), the parallax error is lower than 
10%. The test model was fixed on the table located in the middle of the 
mirror box. The height of the table was adjusted to align with the lowest 
edge of the mirrors. The tube was placed in one single position, with the 
opening at the centre of the mirror box based on the fact that the 
overcast sky simulated in the artificial sky chamber was rotationally 
symmetrical—that is, its luminance distribution was not dependent on 
the azimuth angle. Photos from the laboratory study are presented in 
Appendix C. 

Lighting measurements were taken with five Almemo photosensors 
arranged in a cross on a circular surface, and the results were logged via 
Ahlborn logger and recorded via Almemo control software 6.0, Fig. C3, 
Appendix C. 

5. Theoretical method for the daylight autonomy analysis 

As mentioned in Section 3, the resulting Ertotal represents the illu-
minance at the pipe’s exit for each position from the matrix and each 
LCP configuration. In order to analyse the result of Ertotal for the typical 
period, the concept of daylight autonomy (DA) in an imaginative 
working space was employed, assuming that illuminance on the working 
area was provided just through the horizontal light pipe. As discussed in 
the introduction, the daylight provision through the especially south 
oriented windows, are very much dependent on users’ individual 
opinions about visual comfort, which most often results in closed blinds 
for much longer periods than strictly necessary, as users tend to instantly 
react based on discomfort, forgetting to open the blinds when the 
discomfort has passed. This results in unreliable daylight supplement 
inside—even for working places closest to the window. 

According to EN17037:2018 Daylight in Buildings, the recommenda-
tion for the “minimum level” target illuminance of 300 lx for 50% of 
reference surface area and 100 lx for 95% of a reference surface area; for 
the “medium level”, a target illuminance of 500 lx for a 50% of reference 
surface and 300 lx for a 95% of reference surface; and, for a “high level”, 
a target illuminance of 750 lx for a 50% of reference surface and 500 lx 
for a 95% of reference surface has to be fulfilled for a 50% of daylight 
hours. Following those recommendations (noting that the requirements 
for 50% of working surface in a room with window(s) in one wall is 

Fig. 12. Mirror box for artificial overcast sky study at NTNU, Faculty of Architecture and Design, in plan (left) and section (right).  
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relevant only for the window zone), both a minimum level (DA100 for 
95% of a ref. surface) and medium level (DA300 for a 95% of a ref. 
surface) are considered for a reference surface 0,85 m above the floor. 

The straight horizontal tube, of aspect ratios 8 and 16, is considered 
in the theoretical model of the office space. The tube of the aspect ratio 8 
has a length of 2.4 m and a diameter of 30 cm, while the tube of aspect 
ratio 16 has a length of 4,8m and a diameter of 30 cm. Assuming a wall 
thickness of 30 cm, the tube’s exit is 2.1 m from the wall inside in the 
first theoretical case and 4,5 m in the second, which corresponds to the 
second and third working area from the window (Fig. 13). For the tube 
with an aspect ratio 8, the Ertotal from the laboratory parametric study 
was used. For the tube with an aspect ratio 16, the tube transmission 
efficacy factor (TTE) described in CIE 173:2006 was used to estimate the 
transmission reduction on the basis of the increased length of the pipe 
(l’Eclairage, 2006). The approach of TTE was developed for vertical 
light pipes under an overcast sky, assuming that only light within a cone 
subtending an angle of 30◦ enters the tube. Under the circumstance of 
lacking a simple method for tube transmission efficacy estimation under 
other sky conditions, as well as a wider range of light incident angles, the 
TTE approach can be applied under the clear notice of an approxima-
tion. According to Table 2 (l’Eclairage, 2006), for a pipe reflectance at a 

min. of 0.995 and an aspect ratio of 8, the TTE is 0.97, and, for the aspect 
ratio of 16, it is 0.93. As the Ertotal for the aspect ratio of 8 is already 
known (and is strongly dependent on LCP configurations), the Ertotal for 
the aspect ratio of 16 will be calculated from the value of Ertotal for the 
aspect ratio of 8 by reducing it for the difference factor of TTE16/TTE8 =

0.93/0.97 = 0.958. 
It is considered that a certain portion of the light leaving the pipe is 

diffused and cannot be perfectly directed to the desired area (in this 
case, to a curved reflector explained further in the text). To account for 
this, the resulting illuminances on the pipe’s exit, Ertotal, is reduced by 
10%. The mounting height of the tube above the workplane is d = 2 m 
(Fig. 13). It is assumed that the daylight on the exit of the tube is re-
flected by the curved reflector of a high light reflectivity (99%), which 
features a beam spread covering the area corresponding to the reference 
surface A = 5 m2, as it is supposed to be round. The solid angle (Ω) of the 
reflector is, in this case, 1,25 Sr (Eq. (9)). The beam spread of the 
reflector is δ = 73.56◦ (Eq. (10)). 

Ω = A ÷ d2 (9)  

Fig. 13. (a) Plan and (b) vertical section of a typical office (the second and third working areas in the office, correspond to a light pipe of aspect ratio 8 and 16, 
respectively). 

B. Obradovic and B.S. Matusiak                                                                                                                                                                                                             



Solar Energy 208 (2020) 493–514

504

Ω = 2π
(

1 − cos
δ
2

)
(10)  

I2 = E2×d2 (11)  

Φ1 =
I2

0.9 × Ω
(12) 

If a threshold illuminance on the reference surface is E2 (in this case, 
100 lx and 300 lx), the threshold light intensity, I2, is 400 cd and 1200 
cd, respectively (Eq (11)). However the inverse square low (Eq (11)) can 
be used just for point sources where largest dimension of the source 
(here tube’s exit) is not less than one fifth of the distance to the reference 
surface. The required light flux from the curved reflector, Φ1, is 
dependent on the light beam spread but also the portion of light inevi-
tably scattered outside the beam spread of the reflector and against the 
walls. It can be taken that this portion, for a room with light walls 
(reflectance > 70%) reflecting most of the diffuse light back to the 
reference surface is 10%. The required light flux, Φ1, can be derived 

from Eq. (12). In order to have a threshold value in lux to could compare 
with the results from the parametric study, E1, is derived from Eqs. (13) 
and (14). The tube diameter (Dp) is 30 cm, and its exit surface (Pt) is 
0.071 m2. The required E1-threshold value of DA100 is 7746 lx, and that 
of DA300 is 23,239 lx. 

Pt = π × Dp
2 (13)  

E1 =
Φ1

Pt
(14) 

The threshold values E1 for DA100 and DA300 are used to determine 
the number of hours in the resulting Ertotal for each LCP configuration. In 
the position matrix, typical analysing periods are determined from the 
position of the sun’s altitude and azimuth. The typical analysing periods 
are winter, early spring/late autumn, late spring/early autumn, and 
summer. It can be noted from Fig. 3 that the depicted periods, with their 
characteristic Al and Az, will occur two times throughout one entire 
year. 
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Fig. 14. Comparison of the standard daylight characteristic ηcumulative for each LCP conf. for direct vertical illuminance (aspect ratio 8).  
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Fig. 15. Comparison of the standard daylight characteristic ηcumulative for each LCP conf. for diffuse vertical illuminance (aspect ratio 8).  
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6. Results 

The results for the standard daylight guide characteristic η(T-R) (for 
direct and diffuse illuminance) for each LCP configuration and in each 
testing matrix position are presented in Appendices A and B. 

In order to compare the standard daylight guide characteristic, – η, 
for each LCP configuration with the BaseCase, ηcumulative, (where η for a 
certain LCP configuration is aggregated) is presented in Figs. 14 and 15 
for direct and diffuse illuminance, respectively. The presented η(T-R) 
refers to the tube with aspect ratio of 8. 

The standard daylight guide characteristic (η) for all R-LCP config-
urations increased from 6 to over 16 times for direct light when 
compared with the BaseCase (Fig. 14). The T LCP configurations show a 
slightly increased η, with 1.46 times (46%). Fig. 15 shows that the 
highest increase in η for diffuse light occurs in T LCP configurations— in 
fact, up to 1.32 times (32%), while none of the R LCP configurations 
show any significant increase. The very high increase in η for the R 
samples can be explained through the difference between the extreme 
incident angles, which are, in the case of altitude variability, 46◦ and, in 
the case of azimuth angles, up 2 × 90◦. Some of the LCP configurations 
also have a very high deflection factor for some of the extreme azimuth 

angles (see Tables 6 and 7). 
The final Ertotal, as a result of the summation of Erdirect and Erdiffuse 

for any testing configuration, was used to check if the threshold value 
(E1) was achieved. The values are not presented in this study due to their 
non-universality, as they are only applicable to the Oslo-solar micro-
climate, but they are available upon request. 

The results of DA100 and DA300 for a theoretical model of an office 
space with tube aspect ratios of 8 and 16 are analysed. The DA in this 
project is presented in hours (instead of a percentage of daytime) simply 
because this study addresses a typical office building with strictly 
defined occupancy time, that is from 7 AM to 5 PM. The time before and 
after is just not relevant. 

The total yearly DA in hours can be calculated by multiplying daily 
DA of each period by the number of days in that period. As mentioned in 
the introduction, the solar position will take place twice during each 
analysing period throughout the year. There are 4 typical periods, and 
the number of days in each period is ¼ of the 365 days or 91.25 days. The 
total yearly daylight autonomy in hours is: DAT = VinterDAd * 91.25 +
EarlySpringDAd * 91.25 + LateSpringDAd * 91.25 + SummerDAd * 
91.25. 

Starting the analyses, the first issue to check was whether any of the 

Fig. 17. DA in hours for each LCP configuration when illuminance exceeds 300 lx on the reference surface, aspect ratio 8.  

Fig. 16. DA in hours for each LCP configuration when illuminance exceeds 100 lx on the reference surface, aspect ratio 8.  
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LCP configurations decreased the DA when compared to the BaseCase. 
The values show that none of the LCP configuration decreased the 
DA100, while the decrease was present for several R LCP configurations 
for DA300. This is noticeable for both aspect ratios of 8 and 16. 

The analysis of DA100 for the aspect ratio of 8 (Fig. 16) shows that the 
R-LCP configuration with a 40◦ rotation produces the highest 
improvement in total yearly DA hours by up to 10% for R-07-40. The 
improvement is mostly noticeable during the summer months, where, 
each day, the DA is prolonged by nearly two hours. 

The analysis of the DA300 for the aspect ratio of 8 (Fig. 17) shows that 
the increase in terms of the total yearly hours is highest for T-06-27, R- 
08-40, and R-07-40 of up to 19% longer yearly DA in hours. The highest 
improvement happens during the late spring, with 1 h and 20 min each 
day. It can be noted that all T configurations prolonged DA300 during the 
early spring up to 30 min in the case of T-06-27, while none of the R 
configurations showed improvements. The reduction in daily hours 
during the summer is also noticeable for configurations R-05-40, R-05- 
30 and R-06-40 and R-06-30, while they contribute to the DA positively 
during the late spring. This can be explained by total movement of light 
incident angle throughout the day, which in case of spring is not as wide 
as in case of summer, and the LCP R configurations that are rather 
successful in light transmission of the spring light rays than light 
deflection of the summer light rays. 

The results for the tube with an aspect ratio of 16 show a similar 
tendency (Figs. 18 and 19). For DA100, it is possible to expect 10 h of 
daylight supplement during the summer using any of the rotated LCP 
configurations, which is one hour and 45 min longer than in the Base-
Case. The total yearly improvement is most noticeable in the R-08-40 
and R-07-40 configurations, with up to 8.75% each. For DA300, the 
highest improvement in total yearly hours is noticeable for T-06-27, R- 
08-40, and R-07-40, with up to 16%. Meanwhile, T-06-27 especially 
enables longer visible DA300 during the early spring. A reduction similar 
to that with the aspect ratio of 8 is noticeable for configurations R-05-40, 
R-05-30, R-06-40, and R-06-30, to which they contribute during the late 
spring but prevent during the summer. 

An analysis of the total yearly DA hours between a light pipe with an 
aspect ratio 8 versus 16 shows that there is a reduction in the number of 
hours for about 6%. This information can be useful for a simple esti-
mation of DA for pipes even longer than 4.8 m. The daily DA100 in hours 
still shows the possibility of 10 h of 100 lx at a 4.5 m distance from the 
façade wall during the summer period. DA300 will be achieved for almost 
six hours during the same period. The total yearly DA300 for LCP 
configuration T-06-27 shows that the daylight requirements of the 
working place 4.5 m from the façade are fulfilled for 976 h. 

Tilted-LCP configurations should deflect high-altitude light well, 
which can take place during the summer at noon. This effect is 

Fig. 18. DA in hours for each LCP configuration when illuminance exceeds 100 lx on the reference surface, aspect ratio 16.  

Fig. 19. DA in hours for each LCP configuration when illuminance exceeds 300 lx on the reference surface, aspect ratio 16.  
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noticeable in the results of Er, but, since all the LCP configurations give 
equal DA for the number of hours during the summer, the improvement 
is not as distinguishable as during the winter period. In the winter 
period, the portion of the diffuse light is much higher (in total) than the 
portion of the direct light; the fact that illuminance (either diffuse light 
in artificial sky or diffuse light from the Satel-Light) is increasing with 
altitude is reflected in the results. 

The rotating LCP configurations give no indication of improvement 
during the winter, which was expected, and they also show a decrease 
during the early spring when compared with the BaseCase. An increase 
in DA hours for the R LCP is noticeable during the late spring and 
summer, which are associated with wide azimuth incident angles, but it 
appears that the D/W of the LCP is steering the potential. 

Even the base base of the horizontal light pipe without any LCP on 
the entrance enables a minimum of five hours of 300 lx illuminance for 
both the 8 and 16 aspect ratios. The aspect ratio of 16 especially cor-
responds to the area where a window does not provide enough 
daylighting and electrical lighting needs to be used during all occupancy 
hours. 

7. Discussion 

User-controlled sun-shading devices are often the cause of a radical 
reduction in daylight availability during the day, with daylight contri-
bution through the window then being very much dependent on the 
weather conditions and single-user behaviour. In general, users react 
instantly based on discomfort (glare or overheating) by closing sun- 
shading devices and are not that eager to open them again, which re-
sults in a much lower use of daylight than is theoretically possible. 
Automatically controlled sun-shading devices cause large and unpre-
dictable changes in the luminous environment via switching between 
light and darkness. This paper shows that using a horizontal light pipe 
with a LCP can increase daylight autonomy in the indoor space of an 
office building and improve the reliability of daylight. More reliable 
daylighting in the indoor space will increase visual comfort and user 
satisfaction. In the mornings, daylight levels could be higher compared 
to a room with a side window. The highest improvement can be noted in 
the summer, and with the coincidence of the glare and thermal-load 
occurrence. The benefit of supplying the inner space with natural 
lighting becomes even more significant during the time when 
daylighting is drastically reduced by sunscreens. 

It was discovered through the T and R LCP configurations tests that 
almost all T configurations work well with an overcast sky and R LCP 
configurations work well with sunlight. This fact could be used to design 
LCP configurations for north-oriented horizontal tubes. The portion of 
diffuse light on the north-oriented façade is undoubtedly higher in 
comparison to direct light, but direct light does still occur in the early 
mornings and evenings during the summer (Oslo, 59◦N). Direct light on 
the north façade can appear when it is not needed (for commercial 
functions), but it can be quite appreciated during nightshift activity in 
industrial buildings. The T LCP configurations that show the highest 
improvements in diffuse light transmittance through the tube, (η), could 
be used to improve the performance of horizontal daylight tubes on the 
north facade. For the east and west oriented facades, a combination of 
tilted (T) LCPs against the north and rotated (R) LCPs against the south 
could be a successful solution, but this needs to be further tested. 

By applying one single fixed solution, the full theoretical potential of 
LCP configurations cannot be utilized, but the possibility of the passive 
(user-operated) steering of the LC panel by rotating it along the tube’s 
circumference could lead to greater DA improvements than that pre-
sented in this study. A season-dependent adjustment could be also 
applied. 

As daylighting through the side window drastically decreases with 
distance from the facade, the extremely uneven lighting level affects the 
threshold sensitivity of the light controlling system and the possibility of 
reducing artificial lighting to conserve energy. This paper shows how the 

daylight level deeper in the space can be increased and produce balance 
across the entire room, which will also give more reliable data to light 
sensors and ensure lower energy use. The study demonstrates an 
improvement of 10% for DA100 and 19% for DA300 for the aspect ratio of 
8, while 8.75% for DA100 and 16% for DA300 for the aspect ratio of 16 are 
shown on a yearly basis when compared to the BaseCase. 

Limitations of the experiment included the following: the LCP sam-
ples were not perfectly cut due to the laser-cutter technology resulting in 
cuts with a chamfer on the LCP’s frontside. There was also a possibility 
that some of the measurements had systematic errors caused by the 
manual handling of the model and LCP samples. 

Also, a diffuse luminance distribution under the real sky, which de-
pends on sun position and cloudiness, is different from the luminance 
distribution of diffuse light under an artificial sky at the Daylight labo-
ratory at NTNU, which is a static simulator of a standard CIE overcast 
sky with a 1:3 luminance ratio (horizon:zenith) and rotational symme-
try. To combine the standard daylight guide characteristics (η) for 
diffuse light measured under the artificial sky with diffuse illuminance 
from Satel-Light is a simplification. Still, we posit that this simplification 
can be defended because it gives conservative rather than overoptimistic 
DA results. The CIE model of the overcast sky represents the worst case 
of luminance distribution compared to the blue sky with sun, which 
features a very bright area around the sun (called the corona). The light 
from the corona, which is included in the diffuse illuminance from Satel- 
Light, will behave quite similarly to the light from the sun, because the 
incidence angle of light from corona is close to the incidence angle of the 
light from the sun. The scenarios that function well with the direct light 
from sunlight will perform even better than presented in this study due 
to the additional contribution from the corona if the sky is clear around 
the sun (compared to the CIE-overcast sky). This means that improve-
ments due to the diffuse light will be higher for the clear sky with sun 
than for the CIE overcast sky in the best scenarios. 

8. Conclusion 

This paper shows how the illuminance levels inside the room at a 
2.1m and 4.5m distance from the façade can be increased by daylight 
being transported through a horizontal light pipe equipped with a static 
light deflecting panel, LCP, at the pipe’s entrance. Two types of the LCPs 
were considered, T – tilted with horizontal cuts and R – rotated with 
vertical cuts 

The study shows that a horizontal light pipe, even without any LCP 
on the entrance, makes a significant positive contribution to daylighting, 
and that T LCPs work best under an overcast sky and R LCPs work well 
with sunlight. 

Tilted LCPs with horizontal cuts effectively deflect light of higher 
altitudes and increase light transmittance (η) of the tube, but this is 
mostly significant during the winter, when most of the light is diffuse. In 
the buildings where winter daylighting is highly appreciated for health 
and wellbeing, as in healthcare facilities or in schools, the tilted LCPs 
with horizontal cuts could be a very valuable application. 

During the summer, the light flux transported through the tube 
equipped with tilted LCPs was significantly higher than the minimum 
required illuminance at the tube exit, which indicates that the light 
could be conveyed at a longer distance. 

Two symmetrically rotated LCPs with vertical cuts increase the light 
transmittance (η) of the tube for morning and evening light especially 
during the summer. As such, they could be even more attractive for 
buildings used also during evening. R LCPs showed no improvement in 
DA100 or DA300 during the winter. 

The analysis of total yearly DA hours with minimum 100 lx (DA100) 
shows similar results for both aspect ratios (8 and 16). The R-LCP 
configuration with a 40◦ rotation makes the highest improvement (up to 
10% for aspect ratio 8). The improvement is mostly noticeable during 
the summer months, where the DA is prolonged by nearly two hours a 
day. 
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The analysis of the total yearly DA hours with minimum 300 lx 
(DA300) for both aspect ratios shows that an increase of up to 19% is 
possible. The highest improvement (1 h and 20 min a day for the 8 
aspect ratio) happens during the late spring. 
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Appendix A. Standard daylight characteristic of LCP 
configuration for the direct vertical illuminance ηdirect(T-R) =
Edirect(T-R)/Edirect(ZERO) 

See Tables A1–A19. 

Table A1 
η BaseCase.  

50 0 0 0 0 0.68 0.83 0.85       
45 0 0 0.70 0.76 0.91 0.90 0.81       
35 0 0.35 0.84 1.00 0.85 0.87 0.83       
25 0.15 0.62 0.79 0.75 0.76 0.82 0.91       
15 0.36 0.61 0.74 1.07 0.96 0.94 0.87       
5 0.87 0.94 1.14 1.07 0.76 0.79 0.91         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A2 
η T-05-17.  

50 0 0 0 0 0.75 0.83 0.93       
45 0 0 0.90 0.79 0.84 0.8 0.89       
35 0 0.53 0.76 0.87 0.78 0.89 0.88       
25 2.19 0.61 0.74 0.70 0.77 0.76 0.88       
15 2.44 0.66 0.68 0.96 0.88 0.89 0.82       
5 7.76 0.72 0.81 0.99 0.68 0.76 0.88         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A3 
η T-05-22.  

50 0 0 0 0 0.76 0.87 0.96       
45 0 0 0.88 0.87 0.83 0.78 0.89       
35 0 0.56 0.78 0.88 0.79 0.89 0.87       
25 1.70 0.67 0.76 0.71 0.76 0.76 0.80       
15 2.45 0.69 0.69 0.88 0.86 0.85 0.79       
5 6.81 0.75 0.80 0.96 0.66 0.74 0.82         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A4 
η T-05-27.  

50 0 0 0 0 0.73 0.88 1.00       
45 0 0 0.76 0.82 0.9 0.87 0.96       
35 0 0.52 0.74 0.87 0.79 0.84 0.9       
25 2.13 0.67 0.78 0.72 0.75 0.74 0.76       
15 2.24 0.72 0.71 0.93 0.85 0.81 0.76       
5 6.49 0.79 0.81 0.95 0.64 0.70 0.76         

90 105 120 135 150 165 180 195 210 225 240 255 270  

B. Obradovic and B.S. Matusiak                                                                                                                                                                                                             



Solar Energy 208 (2020) 493–514

509

Table A6 
η T-06-22.  

50 0 0 0 0 0.77 0.85 1.0       
45 0 0 0.8 0.78 0.89 0.87 0.9       
35 0 0.55 0.76 0.87 0.77 0.87 0.87       
25 1.59 0.64 0.77 0.73 0.78 0.77 0.72       
15 1.88 0.68 0.68 0.95 0.9 0.79 0.8       
5 5.63 0.74 0.82 0.96 0.66 0.74 0.81         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A7 
η T-06-27.  

50 0 0 0 0 0.77 0.89 0.95       
45 0 0 0.93 0.85 0.89 0.87 0.9       
35 0 0.8 0.76 0.87 0.77 0.88 0.83       
25 1.91 0.64 0.77 0.83 0.81 0.77 0.72       
15 1.88 0.77 0.74 0.95 0.9 0.79 0.8       
5 7.9 0.74 0.82 0.96 0.68 0.76 0.74         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A8 
η R-08-20.  

50 0 0 0 0 0.63 0.71 0.73       
45 0 0 0.9 0.75 0.74 0.65 0.68       
35 0 0.88 0.73 0.78 0.71 0.81 0.81       
25 21.55 0.93 0.79 0.64 0.76 0.77 0.69       
15 43.30 0.96 0.67 0.89 0.95 0.83 0.83       
5 59.03 1.26 0.93 0.99 0.69 0.83 0.95         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A9 
η R-08-30.  

50 0 0 0 0 0.67 0.72 0.72       
45 0 0 1.01 0.78 0.74 0.65 0.68       
35 0 1.5 0.73 0.78 0.71 0.82 0.74       
25 51.91 0.93 0.79 0.79 0.84 0.77 0.69       
15 43.30 1.35 0.88 0.89 0.95 0.83 0.83       
5 92.59 1.26 0.93 0.99 0.67 0.86 0.84         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A5 
η T-06-17.  

50 0 0 0 0 0.77 0.9 0.97       
45 0 0 0.87 0.90 0.86 0.98 0.93       
35 0 0.57 0.80 0.89 0.79 0.88 0.87       
25 1.94 0.6 0.75 0.72 0.76 0.75 0.74       
15 1.97 0.64 0.68 0.96 0.91 0.82 0.84       
5 5.97 0.70 0.81 0.99 0.69 0.78 0.86         

90 105 120 135 150 165 180 195 210 225 240 255 270  
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Table A13 
η R-07-40.  

50 0 0 0 0 0.66 0.72 0.64       
45 0 0 1.22 0.82 0.69 0.65 0.66       
35 0 1.75 0.8 0.76 0.68 0.69 0.63       
25 83.04 1.11 0.95 0.81 0.72 0.69 0.59       
15 61.17 1.9 0.94 0.94 0.75 0.77 0.77       
5 157.44 1.42 0.97 0.90 0.61 0.65 0.64         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A12 
η R-07-30.  

50 0 0 0 0 0.59 0.67 0.70       
45 0 0 0.76 0.71 0.69 0.65 0.66       
35 0 1.27 0.80 0.76 0.68 0.75 0.74       
25 35.85 1.11 0.95 0.65 0.69 0.69 0.59       
15 61.17 1.51 0.79 0.94 0.75 0.77 0.77       
5 100.31 1.42 0.97 0.90 0.60 0.72 0.81         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A10 
η R-08-40.  

50 0 0 0 0 0.70 0.70 0.83       
45 0 0 1.02 0.8 0.74 0.65 0.68       
35 0 1.73 0.73 0.78 0.71 0.72 0.62       
25 84.34 0.93 0.79 0.82 0.71 0.77 0.69       
15 43.30 1.76 0.95 0.89 0.95 0.83 0.83       
5 151.72 1.26 0.93 0.99 0.61 0.69 0.64         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A11 
η R-07-20.  

50 0 0 0 0 0.56 0.63 0.73       
45 0 0 0.77 0.69 0.74 0.65 0.68       
35 0 0.87 0.83 0.74 0.74 0.80 0.80       
25 30.82 0.81 0.81 0.63 0.76 0.75 0.67       
15 32.20 1.14 0.66 0.87 0.83 0.82 0.82       
5 51.65 1.19 1.11 0.95 0.68 0.83 0.92         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A14 
η R-06-20.  

50 0 0 0 0 0.59 0.67 0.71       
45 0 0 0.65 0.67 0.65 0.65 0.70       
35 0 0.86 0.78 0.73 0.69 0.79 0.78       
25 25.13 1.01 0.76 0.64 0.73 0.72 0.65       
15 25.47 0.97 0.68 1.02 0.92 0.80 0.85       
5 63.86 1.07 0.89 0.66 0.71 0.84 0.87         

90 105 120 135 150 165 180 195 210 225 240 255 270  
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Appendix B. Standard daylight characteristic of LCP 
configuration for diffuse vertical illuminance ηdiffuse(T-R) =
Ediffuse(T-R)/Ediffuse(ZERO) 

See Table B1. 

Table A18 
η R-05-30.  

50 0 0 0 0 0.57 0.57 0.63       
45 0 0 0.65 0.66 0.63 0.65 0.66       
35 0 0.79 0.85 0.70 0.69 0.75 0.75       
25 37.56 1.30 0.70 0.63 0.66 0.69 0.59       
15 39.88 1.35 0.8 0.99 0.79 0.65 0.79       
5 111.03 1.71 1.08 0.89 0.65 0.75 0.78         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A19 
η R-05-40.  

50 0 0 0 0 0.59 0.55 0.54       
45 0 0 0.87 0.74 0.69 0.52 0.52       
35 0 1.49 0.94 0.77 0.66 0.58 0.52       
25 48.8 1.65 0.9 0.69 0.64 0.52 0.45       
15 56.71 1.94 0.96 0.98 0.78 0.54 0.64       
5 168.92 2.12 1.00 0.92 0.6 0.55 0.54         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A15 
η R-06-30.  

50 0 0 0 0 0.58 0.61 0.67       
45 0 0 0.83 0.71 0.61 0.61 0.65       
35 0 1.26 0.86 0.68 0.61 0.71 0.74       
25 40.57 1.39 0.84 0.63 0.68 0.68 0.62       
15 51.29 1.33 0.75 0.91 0.79 0.72 0.80       
5 101.47 1.52 0.99 0.88 0.65 0.73 0.80         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A16 
η R-06-40.  

50 0 0 0 0 0.60 0.58 0.56       
45 0 0 0.88 0.77 0.70 0.54 0.51       
35 0 1.60 0.87 0.80 0.64 0.61 0.58       
25 62.59 1.53 0.97 0.69 0.64 0.60 0.43       
15 80.32 2.02 0,90 0.97 0.81 0.58 0.64       
5 167.97 2.31 0.99 0.87 0.58 0.56 0.56         

90 105 120 135 150 165 180 195 210 225 240 255 270  

Table A17 
η R-05-20.  

50 0 0 0 0 0.52 0.64 0.67       
45 0 0 0.95 0.71 0.62 0.56 0.59       
35 0 1.12 0.81 0.67 0.65 0.65 0.67       
25 25.2 0.81 0.72 0.67 0.70 0.69 0.62       
15 24.67 0.92 0.67 0.90 0.81 0.75 0.86       
5 61.54 1.19 0.83 0.90 0.72 0.82 0.84         

90 105 120 135 150 165 180 195 210 225 240 255 270  
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Appendix C. Parametric laboratory study at the daylight 
laboratory at NTNU 

See Figs. C1–C5. 

Fig. C1. (Left) Artificial sun composed of 70 halogen lamps with parabolic reflectors (50 W) fixed to a vertical metal plate and arranged in a hexagonal pattern; 
(right) artificial overcast sky in the form of octagonal mirror box. 

Table B1 
ηdifusef(T-R).  

LCP configurations η 

BaseCase 0.85 
T-05-17 0.93 
T-05-22 1.00 
T-05-27 1.06 
T-06-17 1.00 
T-06-22 1.07 
T-06-27 1.12 
R-08-20 0.83 
R-08-30 0.86 
R-80-40 0.88 
R-07-20 0.84 
R-07-30 0.87 
R-07-40 0.88 
R-06-20 0.82 
R-06-30 0.85 
R-06-40 0.87 
R-05-20 0.81 
R-05-30 0.85 
R-05-40 0.87  

Fig. C2. Model setup in the laboratory study with direct light (left) and diffuse light (right).  

B. Obradovic and B.S. Matusiak                                                                                                                                                                                                             



Solar Energy 208 (2020) 493–514

513

Fig. C3. (left) Measurement instrument Almemo Ahlborn, with photosensors fixed on a circular plate and placed at the tube’s exit; (right) logging of measuring data 
via Ahlborn Almemo logger and Almemo control 6.0 software. 

Fig. C4. Laser-Cut panel T sample for tilt probe.  

Fig. C5. Laser-Cut panel R sample for rotated probe.  
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Appendix D. Uniformity of the direct light from the artificial sun 
at the daylight laboratory at NTNU 

See Table D1. 
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Table D1 
Uniformity of the direct light from the artificial sun for the direct light experi-
mental test.  

Altitude        

50◦ 0.93 0.95 0.95 
45◦ 0.92 0.94 0.97 0.96 
35◦ 0.85 0.91 0.94 0.96 0.97 0.97 
25◦ 0.89 0.93 0.96 0.97 0.97 0.98 
15◦ 0.88 0.95 0.96 0.94 0.98 0.98 
5◦ 0.89 0.99 0.96 0.98 0.97 0.98  

Azimuth 90◦ 105◦ 120◦ 135◦ 150◦ 165◦ 180◦
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