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 This paper focuses on the performance of an innovative daylighting system named Modified 
Double Light Pipe (MDLP). It consists of a device integrating a Double Light Pipe (DLP) 
with a light shelf. The DLP has been created by the authors to enter daylight into two levels 
underground buildings. It involves an excessive bulk and the risk of glare in the passage 
environment. The MDLP is an attempt to solve these problems by coupling the DLP and 
the light shelf technologies.  
The authors used a numerical approach modeling the MDLP by the software Rhinoceros 
and simulating its performance by Grasshopper plugins Ladybug and Honeybee. After 
calibrating the software by the comparison between numerical and experimental data on the 
DLP, they carried out a numerical analysis on the MDLP in steady-state and dynamic 
conditions. In steady-state regime, the MDLP performs better than the DLP, giving quite a 
uniform illuminance distribution on the horizontal work plane. This is confirmed by the 
results of the dynamic analysis, carried out evaluating the metric Spatial Daylight 
Autonomy (sDA). Moreover, the risk of glare is avoided by the MDLP, thanks to the 
presence of the light shelf that prevents the observer from seeing the device directly. 
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1. INTRODUCTION 
 

Human well-being inside homes is a very important issue in 
many areas of the world. Before the COVID-19 pandemic, the 
Italian population spent approximately 60% of their time at 
home. Due to the spread of the pandemic, several studies have 
estimated that adults spend about 87% up to 90% of their time 
inside buildings everywhere in the world. The COVID-19 
pandemic forces us to reflect on the need of modifying the way 
to design residential buildings, work offices, or schools [1-4]. 

Smart working raises the need of adapting residential 
buildings to be used in a different way than that of a standard 
home. Architects and Engineers have to consider new aspects 
in the design process, adjusting residential environments to 
behaviours and activities not foreseen in the pre-pandemic 
planning. To guarantee the performance of new activities, 
while maintaining the safety, comfort, and psychophysical 
well-being of individuals, they have to evaluate the paths of 
common and private areas, the air changes necessary to ensure 
the healthiness of the environments, taking into account the 
increasing occupation time of domestic spaces.  

Moreover, air pollution within residential environments in 
large cities is a topical issue in many academic studies. They 
focus on pollutants entering from the outdoor or produced by 
furniture or hygiene products [5]. 

In the case of people living in underground and/or basement 
environments [6], there are also problems relating to humidity 
control and the possible presence of Radon gas, which is 
harmful to human health [7]. 

Natural lighting, solar radiation, and ventilation are of great 
importance for sanitary purposes. Scientific literature has 

shown how solar radiation carries out an effective antibacterial 
action, together with thermal and luminous effects [8]. 
National standards in Italy request the presence of natural light 
in residential environments and working spaces to ensure 
visual comfort conditions, depending on the destination use of 
buildings. The absence of natural light can be very dangerous 
to human health, weakening the immune system, impairing the 
production of hormones, and altering the circadian and 
sleeping rhythms. It can generate altered mood and depression, 
but also osteoporosis and rickets [9].  

Furthermore, incorrect exposure to indoor lighting can 
negatively affect attention, concentration, and functionality.  

It is very important to evaluate the distribution of daylight 
inside the building. This is possible through numerical 
methods, using software able to determine the annual 
behaviour of light [10]. 

In underground areas of buildings, or large plan area 
environment, it is increasing the use of technological devices 
to make available or improve natural light presence. In this 
context, light pipes play an important role. The use of light 
pipes is more and more increasing, particularly in residential 
or commercial buildings [11-13]. 

Some authors use the experimental approach on scale model 
under real sky in determining the performance of light pipes 
or similar devices for daylight [14]. This is a simple and 
effective method although some factors often affect the results 
decreasing their accuracy; for example, the presence of direct 
solar radiation, or particular sky luminance distributions.  

Numerical simulations can integrate data from experimental 
analysis and allow determining dynamic daylight parameters 
able to define the performance of daylighting devices.  
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In this paper, the authors present the Modified Double Light 
Pipe (MDLP), which is an attempt of improving the 
performance of the Double Light Pipe (DLP), a device set up 
by the authors to distribute natural light in two levels of 
underground buildings [15-18]. The DLP consists of a 
traditional light pipe covered on its exterior surface with the 
same highly reflective film applied on its interior surface and 
coupled with a transparent concentric tube. In this way, natural 
light enters the final room by the internal tube and the passage 
area by the interspace between the two tubes. 

An excessive bulk and a concentration of light near the 
device partially penalize the performance of the DLP, as well 
as the risk of glare in the passage environment due to the high 
luminance of the upper portion of the system. The MDLP has 
the goal to solve these problems by applying a reflecting 
surface on the ceiling and a circular light shelf around the 
transparent tube to diffuse light more uniformly on the work 
plane while widening the upper portion of the device 
preventing the risk of glare (see Figure 1).  

 
 

Figure 1. View of the DLP and the MDLP 
 
 
2. THE DLP AND MDLP SYSTEMS 
 

A light pipe distributing daylight in the second hypogeal 
floor of an underground construction mandatorily passes 
through an intermediate floor, producing a significant 
encumbrance in the middle of the room. The double light pipe 
(DLP), proposed by Baroncini et al. [15-17] and Boccia et al. 
[18], has been made to lighten this drawback, being able to 
illuminate both the underground levels: the passage area and 
the final room.  

It consists of two concentric pipes: the internal one performs 
as a traditional light pipe and illuminates the final room, while 
the external transparent one introduces daylight in the passage 
room. Thanks to this double illuminating function, it can be 
located in the middle of the room, despite its encumbrance. 

In the intermediate room, the DLP introduces good quality 
light. It is particularly suitable for large showrooms or 
museums, but glare phenomena are possible due to the high 
luminance of the upper portion of the device. In addition, it 
gives an uneven distribution of light, more concentrated near 
the tube.  

Starting from these considerations, the authors have devised 
a system able to improve the performance of the DLP, named 
Modified Double Light Pipe (MDLP). 

The MDLP is made revising the DLP: a reflecting shelf 
fixed to the ceiling and a circular light shelf, 300 mm distant 
from the ceiling, have been added. The last can reflect light 

toward the ceiling and improve the uniformity of light 
distribution on the work plane. In addition, this prevents the 
occupants from seeing the upper portion of the system 
avoiding the risk of glare. Finally, the lower part of the 
external tube is cut and the overall dimensions of the system 
are significantly reduced. Figure 1 shows a view of the room 
equipped with the DLP and the MDLP, while Figure 2 shows 
the principal components of the system.  

 

 
 

Figure 2. Principal components of the system 
 
 

3. METHODOLOGY OF ANALYSIS 
 

The authors used a numerical method to analyse the 
performance of the MDLP. Firstly, they drew a three-
dimensional model of the device using the 3D modeling 
software Rhinoceros and then they carried out steady-state and 
dynamic simulations to determine its performance by 
Grasshopper plugins Ladybug and Honeybee.  

The simulation activity has been preceded by the software 
calibration, carried out through the comparison of numerical 
data with experimental results on a 1:2 scale model of the DLP. 
 
3.1 Software of analysis 
 

The mathematical model of a Light Pipe, Double Light Pipe, 
or Modified Double Light Pipe is more complex than that of a 
window; therefore, the use of commercial software is excluded. 
The major difficulty consists in simulating the light path inside 
the pipe, due to the high number of reflections from its internal 
surface. 

In this paper, the authors used a series of calculation engines 
(software, tools, and plug-ins) managed through combination 
scripts, relying on the "basic" program Rhinoceros, a 3D 
modeling software based on NURBS curves and surfaces. 

Unlike traditional software, Rhinoceros uses an internal 
logic/mathematical programming language called 
Grasshopper that uses a visual language (VPL) which allows 
creating complex algorithms through the combination of 
precompiled blocks; it boasts a very wide range of plug-ins 
that expands its sectors of use. In this work, the authors used 
the plug-ins Honeybee and Ladybug. 

Honeybee, a master plug-in in the lighting industry, allows 
integrating into Grasshopper some extensions as Daysim, 
OpenStudio, EnergyPlus and Radiance, while Ladybug is a 
data management software that processes the results from 
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Honeybee according to the programmer's needs. 
The software allows performing steady-state and dynamic 

analyses. In the first case, it is possible to define the desired 
time and sky conditions, while, in the second, the program 
determines the most likely sky conditions for the selected site 
in the time interval defined. The statistically most probable sky 
conditions are identified and managed by the .epw file 
downloadable from the EnergyPlus website. 
 
3.2 Daylighting parameters 
 

The Standard IES LM-83-12 [19] proposed the metric 
Spatial Daylight Autonomy (sDA300/50%) to determine 
natural light distribution in interior areas in dynamic 
conditions. The U.S. Green Building Council introduced sDA 
in LEED v4 [20] for the calculation of daylight credits in the 
Rating system of buildings.  

The sDA is defined as “the percentage of floor area of the 
building that receives at least 300 lx for at least 50 % of the 
annual occupied hours”. It describes the portion of the floor 
area that receives enough daylight during the year. To get a 
good daylight distribution, maximizing sDA is needed. 
 
 
4. CALIBRATION ACTIVITY 
 

The authors carried out an experimental activity on a 1:2 
scale model of the DLP and compared the results with 
numerical data from Ladybug and Honeybee. 

 

 

 
 

Figure 3. The DLP during the experimental activity 
 

The experimental apparatus was built using a wooden 1:2 
scale model (1.9 x 1.9 m, h=1.5 m) which simulates a hypogeal 
room (3.8 x 3.8 m, h=3 m). In the scale model, the work plane 
is 400 mm high on the floor (h=800 mm in real scale). The 
vertical walls have been made with unpainted plywood and the 
floor and ceiling are covered with grey painted drawing paper. 
Figure 3 shows the model during the tests. 

The experimental activity took place during two days: April 
the 1st and the 2nd, collecting data every hour (from 12 to 15) 
from 12 sensors arranged as shown in Figure 4. 

 

 
 

Figure 4. Room size of the experimental model 
 

The reflection factors have been measured using a 
MINOLTA cm-508 D spectrophotometer. Data are shown in 
Table 1. 

 
Table 1. Reflection factors of the 1:2 model of the DLP 

 
Component ρ (%) 

Ceiling 67,5 
Walls 48,9 
Floor 67,5 

 
Figure 5 shows the results on April the 1st, while Figure 6 

on April the 2nd, while Table 2 shows the percentage errors 
between numerical and experimental results of the calibration 
activity. 

There is on average a good agreement between data. The 
percentage error is less than 10% in most cases. Some 
exceptions take place particularly on April the 2nd at 14.00, 
probably due to intense reflections from the tube. The 
maximum values are registered in positions 2 (37.2%), 6 
(18.9%) and 1 (16.2%). Once more, it is evidenced that 
reflections from the tube can give anomalies in the DLP 
performance. 

 

 
 

Figure 5. a. Calibration activity on April the 1st h = 12.00 
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Figure 5. b. Calibration activity on April the 1st h =13.00 
 

 
 

Figure 5. c. Calibration activity on April the 1st h = 14.00 
 

  
 

Figure 5. d. Calibration activity on April the 1st h= 15.00  
 

 
 

Figure 6. a. Calibration activity on April the 2nd h = 12.00 

 
 

Figure 6. b. Calibration activity on April the 2nd h = 13.00 
 

 
 

Figure 6. c. Calibration activity on April the 2nd h = 14.00 
 

 
 

Figure 6. d. Calibration activity on April the 2nd h = 15.00 
 

Table 2. Percentage error between numerical and 
experimental data registered during the calibration activity 

 
 April the 1st April the 2nd 

1 5.1 5.7 -1.4 4.3 -4.4 2.0 16.2 0.6 
2 11.0 -1.1 3.0 2.0 5.1 4.1 -37.1 -10.7 
3 2.2 2.7 0.7 9.0 -0.3 -2.5 -13.4 -0.3 
4 -5.1 -0.9 4.9 -6.9 -4.2 8.3 1.1 2.7 
5 -5.4 -0.4 -5.0 -9.1 -5.8 -1.9 -12.9 -0.8 
6 5.8 9.8 1.8 5.8 -4.3 -3.1 -18.9 1.5 
7 11.7 7.0 8.8 0.5 -8.3 -8.4 3.4 -4.7 
8 -10.9 -2.4 6.7 0.8 -7.0 -7.2 1.1 -4.2 
9 4.6 -1.7 3.3 -0.1 2.8 -1.3 -5.5 -2.4 
10 -2.7 6.9 4.6 -8.9 2.0 -6.4 6.5 -2.1 
11 8.5 3.1 8.5 -3.6 -4.5 -3.7 -3.7 -4.8 
12 -2.1 7.7 6.2 11.9 -6.5 3.9 -11.3 -0.8 
 12 13 14 15 12 13 14 15 
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5. NUMERICAL ANALYSIS 
 

Simulations of the performance of the DLP and the MDLP 
have been carried out in a 5x5 m square room, h = 3m, with a 
horizontal work plane 800 mm high on the floor (see Figure 
7), using climatic conditions of Pescara (Italy).  
 

 
 

Figure 7. Room size of simulated models 
 
5.1 Steady-state analysis 
 

The steady-state analysis has been carried out for both 
models on June the 21st under CIE Sunny sky conditions. This 
is the most representative situation in the year to compare the 
performance of DLP and MDLP. The illuminance values 
calculated in three representative hours of the day (10.00, 
13.00, and 16.00) are shown in Figures 8, 9, and 10. 

 

 
 

Figure 8. a. Illuminance on the work plane (DLP – h 10.00) 
 

 
 

Figure 8. b. Illuminance on the work plane (MDLP – h 
10.00) 

 
 

Figure 9. a. Illuminance on the work plane (DLP – 13.00)  
 

 
 

Figure 9. b. Illuminance on the work plane (MDLP – h 
13.00)  
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Figure 10. a. Illuminance on the work plane (DLP – h 16.00) 
 

 
 

Figure 10. b. Illuminance on the work plane (MDLP – 16.00) 
 

The results show that the DLP gives a symmetrical 
distribution of light around the system with an illuminance 
concentration in the middle of the room and some localized 
symmetrical peaks. Peak values of about 220 lx take place at 
10.00, 300 lx at 13.00 and 140 lx at 16.00 (see Figures 8.a, 9.a 
and 10.a). 

The illuminance distribution is quite symmetrical around 
the tube all over on the work pane at every time, but it rapidly 
decreases up to 20 lx going away from the device.  

On the contrary, the modified system (MDLP) produces 
more uniform illuminance values and the presence of the 
reflective shelf allows obtaining on average an increasing 
lighting level all over the room. 

Moreover, the MDLP allows avoiding the risk of glare 
thanks to the shielding offered by the lower shelf. It is possible 
to confirm that the improving modification applied to the 
system increases its lighting performance. 
 
5.2 Dynamic analysis 
 

To determine the annual performance of the system, the 

authors have carried out a numerical analysis in dynamic 
conditions, also taking into account the night hours, which 
represent non-functioning conditions for the system.  

The purpose of the analysis was to evaluate only the 
contribution of natural light without any support that would 
greatly increase the performance of the system. For this reason, 
in the simulation model, there is not any dimmer able to 
activate artificial lighting during the night. 

Figure 11 and Figure 12 show sDA values respectively with 
the DLP and the MDLP. 

 
 
 

sDA300/50: Spatial Daylight Authonomy (300lx/50% h) 

 
Number of grid points: 256 
Annual hours: 8760 
50 % of the annual hours: 4380 
Number of points with values ≥ 50 %: 0 
sDA300/50: 0% 

 
Figure 11. sDA 300/50 with DLP 

 
The DLP system produces an sDA300/50 equal to 0%, but 

values of about 25 - 40% take place in a circular area around 
the tube, decreasing towards the edges of the room. 

The results of the analysis show that the DLP would 
perform well when installed in environments with a target 
between 150 and 250 lx, particularly near the center of the 
room. 

In the case of the MDLP installed in the room, the 
sDA300lx/50 is close to 10%. 

Considering a period of 40% of the year instead of 50%, the 
value of sDA would be between 20% and 25%, which is 
certainly more representative of the distribution obtained. 

The MDLP has uniform illuminance values on the edges of 
the room, but decreasing toward the center. 

Thanks to the shielding action offered by the shelf 
interposed between the light source and the observer, it is 
possible to think that this system allows satisfactory levels of 
illuminance within the room. 

It is verified that the DLP gives light peaks of illuminance 
in the central area of the room while the MDLP produces 
higher values on the edges of the room, but they tend to zero 
in the center. This trend is probably caused by the presence of 

DLP  
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the upper and lower shelves of the system. 
In short, sDA values show that the MDLP allows obtaining 

higher values and a more uniform distribution of light on the 
work plane, compared to the DLP. 

Moreover, if the analysis of the sDA parameter would be 
reduced to a reference target equal to 250 lx, more 
representative results of the analyzed models would be 
obtained. 

 
 
 

sDA300/50: Spatial Daylight Authonomy (300lx/50% h) 

 
Number of grid points: 256 
Annual hours: 8760 
50 % of the annual hours: 4380 
Number of points with values ≥ 50 %: 25 
sDA300/50:9.77% 

  
Figure 12. sDA 300/50 with DLP 

 
 
6. CONCLUSIONS 
 

In this paper, the authors have proposed an innovative 
daylighting device called Modified Double Light Pipe, made 
by modifying the Double Light Pipe with a light shelf applied 
on the system.  

Through a numerical analysis in steady-state and dynamic 
conditions, they have compared the performance of the MDLP 
and the DLP applied in an underground environment.  

The results show how the MDLP gives a more uniform 
distribution of light on the work plane. Peak values of 
illuminance that take place around the DLP are eliminated and 
the risk of glare is avoided.  

The sDA metric, calculated in dynamic conditions, is 
increased from 0% to 9.77%. Therefore, a significant 
improvement in visual comfort and a good contribution to 
energy saving is expected. Besides, the encumbrance of the 
system is significantly reduced.  

Further developments of the research will focus on 
deepening the analysis of the performance of the system 
through experimental investigations. Finally, the author 
intends to study in-depth the technological components of the 
device, and its applicability in hypogeal buildings. 
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NOMENCLATURE 
 

sDA300/50  spatial daylight autonomy % 
Ein internal illuminance lx 
Eout external illuminance lx 
e error % 
 
Greek symbols 
 

 

ρ  visible reflection factor % 
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